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ABSTRACT
Combined field, microtextural, and geochemical observations are presented for pyroxenites in the Lanzo
ultramafic massif in order to place chemical and petrological constraints both locally on the geologic
history of the massif and more generally on the role of magmatic rifting and the rift-to-drift transition in
ultraslow-spreading ridge environments. Two separate generations of pyroxenites have been
distinguished. A young set of primitive Cr-diopside websterites of MORB affinity are related to melt
infiltrations and melt-rock reactions during rifting and Jurassic exhumation, while a much older
generation of websterites likely of subcontinental origin were inherited and pre-date continental rifting
and exhumation of the massif. The regional compositional and textural variation observed in the latter
group of pyroxenites is not due to primary heterogeneities but rather to differences in subsequent
metamorphic histories. Pyroxenites from the northern domain experienced a colder exhumation history
and physical isolation from the rest of the massif by means of a high temperature shear zone related to
the rifting. These websterites preserve garnet pseudomorphs and elevated REE which are textural and
geochemical evidence for the prior coexistence of clinopyroxene and garnet. The implications of this
study are that the Lanzo massif was indeed subcontinental lithosphere prior its exhumation and
existence as an Ocean Continent Transition Zone (OCTZ) and that high temperature shear zones do seem
to serve as effective permeability barriers and melt-focusing zones in rifting systems.
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Introduction
The discovery in recent years of slow and ultra-slow spreading centers has challenged the classical
standard Penrose ophiolite model for the genesis of oceanic crust (Dick, Lin et al. 2003). "Reduced"
ophiolite sequences with an abundance of serpentinites and few magmatic crustal rocks which form at
ultra-slow spreading centers or so-called Ocean Continent Transition Zones (OCTZs) are more prevalent
than previously assumed. Magma poor OCTZs develop at the transition from continental rifting to sea
floor spreading are often characterized by large tracks of denuded mantle rocks of subcontinental origin
exposed on the ocean floor by low-angle detachment faulting during extension (Manatschal and
Muntener 2009). The temporal evolution of OCTZs is generally poorly constrained but is considered
dependent on the interaction of magmatic and tectono-metamorphic events (Whitmarsh, Manatschal et
al. 2001). Two chief prospects exist for the investigation of OCTZs - active systems, such as the Iberia-
Newfoundland conjugate margin, via geophysical methods and deep sea drilling or on-land analogues
preserved in suture zones, for example a portion of the Alpine peridotite massifs, with coupled field and
geochemical observations.
The Lanzo massif is a fertile, predominantly plagioclase peridotite body in the Italian Alps about 30 km
northwest of Torino. Based on field, geochemical, and petrological arguments the Lanzo massif is
considered to have been exhumed to seafloor in Jurassic times during magma-poor rifting of the Apulia
margin that evolved into an ultraslow-spreading ridge system (<20 mm/yr) resulting in the opening of
the Liguro-Piemontese embryonic ocean basin in the early Mesozoic (Manatschal and Muntener 2009).
Isotopic data on the peridotites indicates that the northern part of the massif represents exhumed old
subcontinental mantle, whereas the southern part represents the asthenosphere accreted in an
ultraslow-spreading ridge setting (Bodinier, Menzies et al. 1991). Accordingly, the Lanzo body provides
an unrivaled opportunity to study the rift-to-drift transition in a magma-poor margin.
A detailed study of the pyroxenitic layering within the Lanzo massif is lacking from the otherwise
substantial amount of pre-existing work. As pyroxenites might be related to melt infiltration associated
with rifting processes, a detailed description of these rocks is necessary to understand the formation
and evolution of so-called non-magmatic margins (Whitmarsh, Manatschal et al. 2001; Lavier and
Manatschal 2006). Melt infiltration from the decompressed, upwelling asthenosphere is thought to be
crucial to facilitate rifting of continental lithosphere. Buck (2006) has shown that tectonic forces alone
are only adequate to rift lithosphere of up to about 30 km in thickness; however, melt infiltration can
lower the strength of the lithosphere such that rifting can occur in a much thicker lithosphere. The role
of melt formation and infiltration in amagmatic margins is unclear. The thermo-chemical modification
produced by migrating melts may assist the rifting process. Two conflicting hypotheses are put forward
to explain the magma-poor nature of these systems: melt is produced but "freezes" in a thick thermal
boundary layer during rifting or melt formation is subdued due to previous depletion of the mantle
rocks (Muntener and Manatschal 2006).
The origin of Lanzo pyroxenites is not fully understood. Field relationships and textural evidence show
that most pre-date the massif's exhumation. However, the origins of some pyroxenites in the southern
domain may be related to infiltrating melts during the opening of the embryonic ocean basin. It is likely
that some of the same modification and refertilization processes observed in the Lanzo peridotite also
affected the pyroxenites producing distinct regional trends in texture and chemistry. Mineral and whole
rock chemistry, geothermometry, and microtextural evidence are utilized to place new chemical and
petrological constraints both locally on the geologic history of the Lanzo massif and its pyroxenites and
more generally on the role of magmatic rifting and the rift-to-drift transition in ultraslow-spreading ridge
environments characterized by amagmatic segments (Muntener, Manatschal et al. 2010). This goal is
complicated by the more recent Alpine metamorphism of the massif and its subduction to eclogite
facies during the Late Cretaceous to Early Tertiary (Pelletier and MUntener 2006).
Geological Setting and Previous Work
The Lanzo massif covers approximately 150 km2 on the Eastern edge of the Piemontese Alps in
northwest Italy. It is dominantly composed of plagioclase lherzolite and is a relatively undepleted piece
of the upper mantle with a calculated melt extraction of only 6-12% (Bodinier 1988). Boudier's early
work (1978) included extensive geologic mapping of the Lanzo ultramafic massif including the
distribution and orientation of mafic intrusions such as pyroxenitic layering and basaltic and gabbroic
dikes (Figure 1). The body is enveloped by foliated serpentinites of mostly antigorite composition and
locally small amounts of ophicarbonate breccias. The serpentinization results primarily from exposure
on the sea floor and also from later Alpine metamorphism. Conventionally, the massif is divided into
northern, central, and southern domains (5 km2, 90 kin2, and 55 km2, respectively) separated by NW-SE
trending, mylonitized shear zones (Boudier 1978; Bodinier 1988). To the East and South, Miocene to
Holocene sediments of the Po Plain overlay the serpentinites. The western boundary of the massif is in
tectonic contact with the Piemontese ophiolites. The high-pressure terrane of the continental Sesia-
Lanzo formation forms the northern border (Boudier 1978; Bodinier 1988).
Regional variations and trends in geochemistry and structure are coherent themes in the Lanzo massif
(Bodinier 1988). The isotopic heterogeneity of clinopyroxene from the Lanzo peridotite suggests
different mantle protoliths for the northern and southern domains. MORB-like Nd and Sr isotopic
signatures indicate that the southern domain is derived from mantle asthenosphere and likely accreted
during the pre-oceanic, extensional environment. Lower isotopic ratios in the northern body suggest
emplacement in the subcontinental lithosphere between 400-700 Ma. The central domain appears to be
a hybrid between the two because its isotopic ratios span both (Bodinier, Menzies et al. 1991).
The original exhumation of the massif is associated with continental rifting and the opening of the
Liguro-Piemonte Ocean, a branch of the Mesozoic Alpine Tethys (Manatschal and Muntener 2009). This
event is constrained to around 160 Ma by biostratigraphic dating of the initiation of radiolarite
sedimentation in the Western Alps (Bill, O'Dogherty et al. 2001). The Lanzo-Sesia zone and the Lanzo
massif were located on the Adriatic plate during the Jurassic rifting. The northern domain of the massif
remained peri-continental, while the southern domain was situated near the ultra-slow spreading center
(Montener, Manatschal et al. 2010). Thus, the paleogeographic position of the massif encompassed the
OCTZ.
Many melt-related processes were active at this magma-poor margin. The interaction of the lithosphere
and asthenosphere was driven by melts from the decompressed, upwelling asthenosphere migrating
into and refertilizing the overlying peridotite. A gradual transition from pervasive to focused porous flow
and then to diking occurred in the massif and modified the original, pristine spinel lherzolite mantle
lithology to plagioclase peridotite (Bodinier and Godard 2003; Muntener and Piccardo 2003). Melt- and
transport- related alteration processes are recorded in the heterogeneous Lanzo peridotite, especially in
the southern domain, through the modification of mineral textures, modes, and composition (Muntener
and Piccardo 2003). These melt-related processes are closely coupled with the tectonic-metamorphic
development of the Lanzo massif (Whitmarsh, Manatschal et al. 2001; Piccardo, Zanetti et al. 2007a).
The precursors or roots of the brittle detachment faults that facilitate exhumation during rifting are
presumably high temperature shear zones (Lavier and Manatschal 2006) like that exposed in Lanzo
separating the central and northern domains. The serpentinized mylonites in the southern shear zone
are not concordant with the local pyroxenitic layering or foliation; thus, they are assumed to postdate
the high temperature deformation (Kaczmarek and Muntener 2010). The activity of the shear zone near
Castagnole is constrained to before 161 Ma by U-Pb ages of cross-cutting gabbroic dikes (Kaczmarek,
MUntener et al. 2008a). Thus, this high-temperature, ductile deformation coincides with the onset of
rifting. The shear zone is characterized by an asymmetric textural distribution. Deformation textures in
the footwall to the southwest progressively grade from porphyroclastic to ultra-mylonitic. In contrast, a
sharp transition from mylonites to porphyroclasts exists in the hanging wall to the northeast (Kaczmarek
and MOntener 2008b). There is also some distinction in peridotite composition on opposite sides of the
shear zone and younger intrusives are more abundant in the footwall (Kaczmarek and Muntener 2010).
Shear zones can serve as melt-focusing zones with high permeability (Holtzman and Kohlstedt 2007).
The presence of melt reduces stress so deformation is localized and "melt-lubricated" in these zones
(Hirth and Kohlstedt 1995). It has been proposed that the northern shear zone acted as a permeability
barrier confining the melt-rock interactions to the central and southern regions and shielding the
northern domain from the higher temperature history (Kaczmarek and Muntener 2010).
The Liguro-Piemonte was never a fully developed ocean basin. In the Early Cretaceous, the subduction
of the ocean underneath Adria and the convergence of the European and Adriatic plates began. Lanzo
and other slices of the Tethyan ocean and Adriatic continent were brought down into the subduction
zone to eclogite-facies conditions in the Late Cretaceous and then thrusted and folded onto the
European margin in the Early Tertiary. Lanzo now sits overturned in its current position in the high
pressure belt of the Western Alps (Muntener and Hermann 2001). The eclogite-facies conditions are
constrained by a geobarometer applied to mineral phases in a metagrabbro from the internal part of the
Lanzo massif (Pelletier and Muntener 2006).
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Figure 1. Geological map of Lanzo Massif and surrounding area (1978; Kaczmarek and Muntener 2010).
Also shown are the locations of sections A and B as used in the temperature profile in Figure 19.
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Field Observations and Petrography
Because one aim of this study is to describe the regional variations and trends across the Lanzo massif,
the pyroxenite samples are from a wide spatial distribution. Sample locations are marked in Figure 1,
and a summary of pyroxenite sample types, locations, and modal compositions is given in Table 1.
Pyroxenites compose 1-2% of outcrops and their density is highly variable. However, when pyroxenites
do populate an area, they do so with high frequency. Many parallel dikes will be visible within a fifty
meter span striping the outcrop. Pyroxenite dikes within plagioclase peridotite show a wide range of
compositions including Cr-diopside clinopyroxenites, websterites with variable amounts of plagioclase,
olivine, and spinel, and spinel websterites with a garnet breakdown texture. Pyroxenitic layering in the
southern domain and the northern shear zone is concordant with high-temperature foliation of the
peridotites, but elsewhere in the massif they are largely discordant. Pyroxenitic dikes never crosscut
other pyroxenites. Dike thickness ranges from 1 to 20 cm. Thicker dikes tend to have sharp contacts with
the host peridotite as do dikes with some spinel, while thinner dikes (1-2 cm) can either display diffuse
or sharp borders. Most dikes appeared homogenous along their length; however, a few are highly
inconsistent on a m-scale with respect to grain size and modal composition.
A variety of other mafics also intrude the massif, cross-cutting the foliation and pyroxenite layering.
Mafic dikes are most abundant in the southern domain and western edge of Lanzo. Gabbro dikelets (1-4
cm) with fuzzy contacts and dikes (5-40 cm) with sharp borders thicken southward and are not found in
the northern domain. Basalt dikes, 15-30 cm in thickness, are less frequent, but are preferentially
located in the west-central region of the massif (Kaczmarek, Muntener et al. 2008a). Locally, spinel
harzburgite and dunite, usually flanking gabbroic areas, are present in the southern domain.
For the purposes of this study, the massif has been divided into four sub-regions based on natural
partitions and the conventions of earlier studies. Lanzo North (LN) consists of the parts of the massif
northeast of the shear zone including the area surround Stura di Lanzo and Germagnano. Lanzo Central
- near Castagnole (LC-C) encompasses the northern shear zone itself. Lanzo Central (LC) is the area
south of the shear zone extending down to Val della Torre. Finally, Lanzo South (LS) is the southern
domain - the area southwest of Val della Torre from Mt. Arpone to Mt. Musine.
The petrography of Lanzo pyroxenites is largely regionally biased; however, there are some
characteristics that are pervasive throughout the massif. Spinel is overwhelmingly vermicular to holly-
leaf shaped with a full rim of plagioclase surrounded by a discontinuous band of olivine. Spinel is
dominantly found towards the middle of the dike and usually somewhat foliated as to align with the
dike layering. Almost all mineral grains are subhedral to anhedral, and grain boundaries are very
irregular. Grain size is far from equigranular. The affiliation of porphyroclasts and neoblasts sets up a
dominant bimodal grain size distribution. Some degree of subsolidus re-equilibration is evident in all
pyroxenites. Spinel exsolve needle-like ilmenite, while pyroxenes exhibit exsolution lamellae of the
complementary pyroxene. The exsolution lamellae usually end tens of microns before the border of the
grain, indicating that the rim of the mineral was able to reequilibrate through recrystallization at the
edges.
Lanzo North
The best exposure of pyroxenites in this region is a 200m strip of outcrop along the southwest bank of
the Stura di Lanzo near the bridge just outside of Germagnano. Pyroxenite bands are mainly tens-of-
centimeters thick spinel websterites with sharp contacts. In thin section they display a garnet
breakdown texture, differentiating them from spinel websterites from other parts of the massif. In
outcrop, the pyroxenites are almost light blue in color and have 1-2 cm brown spinels with a visible
white rim. Dikes are discordant to the foliation of the surrounding coarse granular plagioclase
peridotite. The bands' pinch-and-swell and boudinage structures indicate some degree of ductile
deformation (Figure 2a).
Brown spinel (0.5mm-2cm) has prevalent needle-like ilmenite exsolution and rims of altered
plagioclase. Moreover, no fresh plagioclase is present elsewhere in the rocks. The majority of minerals
are anhedral and most grain boundaries are amoeboid revealing a disequilibrium texture. Most
clinopyroxene has thin exsolution of orthopyroxene. A fine-grained garnet breakdown texture is only
evident in thin section and exists in thick (~200 pm) clinopyroxene exsolution lamellae and most
prominently as coherent clusters adjacent to olivine (Figure 3a-e). The texture of these clusters is
corona-like with concentric zoning of phases and appears to be the breakdown of garnet. The core is
primarily garnet of equal grossular and almandine content in close association with zoisite and jadeite.
Clinochlore radiating outwardly surrounds this core. This assemblage is usually rimmed by pyroxenes
and amphibole of the edenite-tremolite solid solution series and sometimes sits in an amphibole-
chlorite matrix. The border geometry of these "inclusions" is 200-500 ptm in diameter and resembles
euhedral garnet. The altered lamellae share the same compositional make-up as the clusters, but the
garnet within the exsolution is usually adjacent to the clinopyroxene and gradually disappears towards
the center of the lamella.
Lanzo Central - near Castagnole
The northern shear zone crops out along a dirt road trending southeast on a ridgeline from Colbeltramo
(just north of Castagnole) up Mt. Basso. Few pyroxenites exist within the ultra-mylonitic section of the
shear zone as they were likely sheared out and incorporated into the surrounding peridotite during the
deformation episode. Away from the ultra-mylonite zone, there is a high density of spinel websterites of
relatively homogeneous composition. Most veins in this area are 3-7 cm in thickness, have visible
plagioclase rims surrounding spinel, and exhibit mylonitic texture with elongated grains of
orthopyroxene. Pyroxenite banding within the core of the shear zone are concordant to the peridotite
foliation (Figure 2b). Away from the mylonitic zone, pyroxenite foliation defined by interstitial
plagioclase is the same as peridotite foliation even though the dikes themselves are discordant (Figure
2c). This indicates that foliation postdates the emplacement of pyroxenite veins and that the shearing
must have taken place within the plagioclase stability field (<10 kbar).
Spinel websterites from LC-C have very uniform chemical compositions. Spinels (0.5mm-1cm) within
websterite mylonites are elongated parallel to borders of dike. Spinel often has thick rims of plagioclase
in association with olivine (Figure 4b). Larger spinels have thin ilmenite exsolution. Clinopyroxene is
recrystallized and boudinaged into smaller neoblasts due to the deformation. Larger, primary
clinopyroxene has two generations of exsolution lamellae. Both high and low temperature lamellae
consist of orthopyroxene. The orthopyroxene is more competent and remains porphyroclastic, although
deformed and stretched (Figure 4a). The mylonite matrix is composed of pyroxene, plagioclase, and
fractured olivine neoblasts (0.1-0.5 mm) with interlobate grain boundaries.
Lanzo Central
Outcrop is scarce in some parts of the central domain, so a few of the samples were taken from veined
peridotite boulders. It was evident that the boulders resulted from local landscape failure and had not
been glacially transported into the area. The outcrops and boulder fields are accessible on the flanks of
Mt. Colombano and Mt. Druina. Pyroxenites in Lanzo Central are predominantly discordant spinel
websterites with sharp contacts to the host rock. They have the most diversity in thickness and
chemical composition. Sample LZ-10-18 from the boulder fields on the northwest flank of Mt. Druina
was especially thick (15 cm) and heterogeneous - grading from very coarse-grained (3 cm) pyroxenes to
large spinel (2 cm) with a matrix of finer grained pyroxene with a higher modal percentage of olivine. As
is shown later, this dike exhibits unique whole rock and mineral chemistry.
Spinel websterites from this domain look very similar to pyroxenites from LC-C, except for their lack of
deformation (Figure 4c). Many of the primary magmatic phases have been preserved. The largest
textural difference among samples from Lanzo Central is their relative "freshness" and degree of
alteration, especially concerning plagioclase. All spinel have ilmenite exsolution and plagioclase rims
occasionally surrounded by olivine. In some samples, plagioclase is largely interstitial between
pyroxenes, while in others plagioclase is much coarser (0.5-1mm) and looks to be a primary phase.
Pyroxene porphyroclasts measure 0.5-1.0 cm and are relatively coarse-grained. Most clinopyroxene
exhibit both high and low temperature exsolution of orthopyroxene, describing two periods of
subsolidus reequilibration. Orthopyroxene have much less apparent exsolution of clinopyroxene.
Interlobate boundaries and anhedral mineral geometries still dominate the petrography. Some of the
more altered pyroxenites are also more likely to have a patchy pyroxene intergrowth texture. Even
though the pyroxenes are obviously compositionally distinct, optically they appear to be the same grain.
Lanzo South
Pyroxenites are diffusely exposed on the slopes of Mt. Arpone and Mt. Musine in the southern domain.
Most of the dikes present in Lanzo South are thin (<4 cm) and have fuzzy contacts with the porphyritic
peridotite (Figure 2d). They are websterites usually without spinel and varying amounts of olivine and
plagioclase. Field relationships show evidence for melt-rock interaction. A dunite channel cuts both
peridotite and a pyroxenite band. The reaction (pyroxene + melt -> olivine) replaces the pyroxene in the
dike with olivine but does not disturb the spinel trail of the pyroxenite.
In the field, Lanzo South websterites are much thinner and have more diffuse boundaries than those
from Lanzo Central and, thus, have a bigger risk of reequilibration with the host peridotite. In thin
section, the petrography of LS pyroxenites is comparable to those from Lanzo Central, although they
lack much of the spinel. Pyroxene porphyroclasts are 0.5-1.0 cm. Plagioclase can also reach 0.5 cm in
size. Mus-06-21 is a very unique pyroxenite from the Mt. Musine region. It is a thin, Cr-diopside
clinopyroxenite with very fuzzy borders that progressively grade into higher olivine contents.
Clinopyroxene porphyroclasts (1 cm) are separated by sutured grain boundaries with small (0.1 mm)
orthopyroxene, clinopyroxene, and olivine neoblasts (Figure 4d). The sample is devoid of plagioclase,
but the clinopyroxene are heavily striped with orthopyroxene exsolution.
Figure 2. Field relationships of pyroxenites and host peridotite. Pyroxenite layering is outlined with
white dashes. Peridotite foliation is described with a red-dashed line. (a) Pinch-and-swell, boudin, and
isoclinal fold structures in Lanzo North pyroxenites. (b) Concordant layering of pyroxenites and
peridotite foliation in ultramylonite zone in LC-C. (c) Spinel websterite in peridotite mylonite in LC-C.
Pyroxenite foliation, defined by plagioclase, is concordant with the peridotite foliation, even though the
pyroxenite layering is discordant. (d) Thin pyroxenite dike with fuzzy contacts to host peridotite in Lanzo
South.
Figure 3. BSE images of garnet breakdown textures in Lanzo North pyroxenites. Grossular garnet is
bright because it is Ca-rich. (a) Border morphology of the breakdown texture resembles euhedral garnet.
(b) Garnet breakdown is concentrically zoned due to previous kelyphitization. It is rimmed with
pyroxene and sits within an amphibole-chlorite matrix. Boxed region is shown in (c). (c) Garnet core with
associated zoisite and jadeite. Outside the core, chlorite is more common and garnet disappears. (d) Cpx
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with thick, altered exsolution lamellae with same phases present as in (b). Thinner opx exsolution is also
present and is parallel. Boxed region is shown in (e). (e) A second generation of discordant opx
exsolution can also be seen. Grt, garnet (high grossular content); zst, zoisite; jad, jadeite; chl, chlorite
(clinochlore); amph, amphibole (edenite-tremolite); cpx, clinopyroxene; opx, orthopyroxene; pyx,
pyroxene.
Figure 4. Reflected light photomicrograph (a) and BSE images (b-d) of petrological features of Lanzo
pyroxenites. (a) Pyroxenite mylonite from LC-C with strained and folded opx surrounded by mylonite
matrix composed of cpx, opx, ol, and plag neoblasts. (b) Elongated, vermicular spinel with thick
plagioclase and discontinuous olivine rim in pyroxenite mylonite from LC-C. Neoblastic mylonite matrix
is visible at top of image. (c) Undeformed, fresh spinel websterite from LC. Spinel has ilmenite
exsolution. Olivine and plagioclase transition between the spinel and pyroxenes indicating transition
from spinel- to plagioclase- facies conditions. Clinopyroxene exsolution disappear tens of microns from
border because rims were able to recrystallized and reequilibrate. (d) Sutured boundary between cpx
porphyroclasts in Mus-06-21 Cr-diopside clinopyroxenite from LS with olivine and pyroxene neoblasts.
Interpretation of field and petrographic relationships
Field and petrographic observations can be interpreted as the result of melt-rock interactions and facies
transition during exhumation and Alpine metamorphism. Decompressional partial melting of mantle
asthenosphere infiltrated and modified the original spinel lherzolite to plagioclase peridotite. This also
resulted in the occurrence of replacive dunite and harzburgite bodies cutting peridotite and pyroxenites,
especially in the Lanzo South domain (Bodinier 1988). The Cr-diopside clinopyroxenite appears to
represent a distinct generation of pyroxenite related to these melt infiltrations.
The holly-leaf spinel with plagioclase and olivine rims are prevalent throughout the massif and can be
attributed to the common reaction of cpx + opx + sp -> o I + plag (Obata 1980). This transition marks a
change in the condition of the massif from spinel- to plagioclase-facies most likely coinciding with the
exhumation of the massif during rifting. The same decompression textures are observed in the host
plagioclase peridotite (Piccardo 2010).
The frequently observed alteration of plagioclase in Lanzo pyroxenites is due to an Alpine metamorphic
overprint. Gabbro dikes from the Lanzo massif also exhibit formerly igneous plagioclase that has been
overprinted with metamorphic symplectites composed of jadeite and quartz in association with garnet,
zoisite, tremolite, chlorite, titanite, and plagioclase (Kaczmarek, Muntener et al. 2008a). This type of
plagioclase alteration takes place at relatively high pressure and low temperature (20 kbar and 5500C).
Such conditions occurred during the alpine history of the massif when it experienced eclogite facies
metamorphism. The assemblage in Lanzo pyroxenites is compositionally similar to that in the gabbros
but lacks quartz.
The origin of the garnet breakdown texture is not straightforward. The border morphology of the
clusters is very suggestive of euhedral garnet. A typical transition from garnet- to shallower spinel-facies
conditions follows the reaction grt + ol -> cpx + opx + sp + plag (Obata 1980). Analogous to plagioclase
and spinel rims forming around spinel, it is possible that garnet was destabilized to kelyphite composed
of pyroxenes, spinel, and plagioclase during the decompression and exhumation of the massif. Piccardo
(2007b; 2010) interprets rounded orthopyroxene and spinel clusters within Lanzo North lherzolite to be
the product of spinel-facies recrystallization of garnet. The concentric compositional zoning pattern and
fine grain size of the clusters is consistent with a kelyphitic texture. Subsequent alpine eclogite-facies
metamorphism overprinted the garnet breakdown products forming the current composition (grossular
garnet, zoisite, jadeite, chlorite, edenite-tremolite).
This reaction sequence can be extrapolated to the garnet breakdown texture observed in the
clinopyroxene exsolution. It is probable that the clinopyroxene directly exsolved garnet at some point
prior to rifting. Plagioclase exsolution from clinopyroxene is not a feasible origin of the lamellae
composition observed in Lanzo pyroxenites. The exsolution of plagioclase from pyroxene is a coupled
reaction. It requires that an oxide phase, such as magnetite, also be generated in order that the silica
can be released to react with the freed Jadeite (NaAlSi 206) and CaTs (CaAl 2 SiO6 ) components which then
forms the plagioclase lamellae (Morse 1975). Notably, no oxides are observed in the lamellae of
pyroxenes from the Lanzo massif.
Textural evidence supports the coexistence of garnet and clinopyroxene in the pyroxenites massif. These
garnet pyroxenites were stable in the pre-rifting history and gradually destabilized during exhumation. It
is then expected that the pyroxenites in the rest of massif were also located in the same or deeper
conditions prior to the rifting event since Lanzo North is considered to be lithospheric and the
shallowest of the domains. However, none of the pyroxenites from Lanzo Central or South preserve
textural evidence of the garnet-clinopyroxene relationship.
Table 1. GPS location and modal composition of analyzed samples from the Lanzo massif.
Sample no. Pyroxenite type Region GPS Location modal proportionst
Longitude (E) Latitude (N) cpx opx ol plag sp grt-breakdown Accessory
texture Y
Spinel websterite with
LZ-10-01 ga rnet breakdown texture LN 07*27'24.7" 45*15'46.5" 36 25 - - 22 17 Fe-Ti ox
Spinel websterite with
LZ-10-04 garnet breakdown texture LN 07*27'23.8" 45"15'48.0" 22 22 12 - 20 25 Fe-Ti ox
Spinel websterite with
LZ-10-06 ga rnet breakdown texture LN 07 27'24.7" 45*15'46.5" 27 19 - - 14 40 Fe-Ti ox, FeS
Cas-06-01 Spinel websterite mylonite LC-C 07*26'42.7" 45*15'06.2" 27 36 15 8 12 - Fe-Ti ox, FeS
Cas-06-05 Spinel websterite mylonite LC-C 07*26'42.7" 45*15'06.2" 37 34 8 16 5 - Fe-Ti ox, FeS
Cas-06-09a Spinel websterite mylonite LC-C 07*26'30.3" 45*15'10.1" 33 40 13 11 3 - Fe-Ti ox, FeS
Cas-06-10 Spinel websterite mylonite LC-C 07*26'30.3" 45*15'10.1" 29 42 9 12 8 - Fe-Ti ox, FeS
LZ-10-07 Spinel websterite LC 07*25'58.0" 45*10'11.2" 32 36 17 6 9 - Fe-Ti ox, FeS
LZ-10-08 Spinel websterite LC 07*26'04.8" 45*10'12.4" 35 30 11 13 11 - Fe-Ti ox, FeS
LZ-10-11* Spinel websterite LC 07*25'39.4" 45*11'21.0" 31 34 18 - 6 - Fe-Ti ox, FeS
LZ-10-12 Spinel websterite LC 07*25'39.4" 45*11'21.0" 30 40 8 15 7 - Fe-Ti ox, FeS
LZ-10-15 Spinel websterite LC 07*27'18.9" 45*13'43.7" 27 19 16 22 16 - Fe-Ti ox, FeS
LZ-10-18a: Spinel websterite LC 07"27'17.8" 45*13'45.1" 27 39 8 - 23 - Fe-Ti ox, FeS
LZ-10-20* Spinel websterite LC 07*27'25.7" 45*12'13.4" 31 42 - - 7 - Fe-Ti ox, FeS
Mus-06-08t Ol-websterite LS 07'26'38.0" 45*06'18.5" 39 51 11 - - - Fe-Ti ox
Mus-06-19 Plag-ol-websterite LS 07*26'28.4" 45*06'45.9" 62 15 13 8 2 - Fe-Ti ox
Mus-06-21 Cr-diopside clinopyroxenite LS 07*25'57.9" 45'06'44.8" 90 4 6 - - - FeS
Arp-06-02 Plag-ol-websterite LS 07*23'33.8" 45*10'41.0' 32 45 9 14 - - FeS
Arp-06-03 Spinel websterite LS 07*23'33.8" 45*10'41.0" 31 26 13 22 8 - Fe-Ti ox, FeS
LZ-10-26 Plag-ol-websterite LS 07*23'59.7" 45*10'23.2" 32 42 14 12 - - FeS
t Modal proportions have been estimated from optical microscopy and EBSD images.
Includes garnet and minor phases as des cri bed in Field Observations and Petrography.
a 2 thin sections from a single sample were analyzed because the dike had significant compositional
(Cas-06-09-1 & Cas-06-09-02, LZ-10-18-1 & LZ-10-18-2)
variablility along its length.
* Modal composition totals do not equal 100%. A significant proportion is composed of altered plagioclase.
LN - Lanzo North, LC-C - Lanzo Central near Castagnole, LC - Lanzo Central, LS - Lanzo South
Analytical Methods
Sample Selection
Twenty pyroxenite samples were selected by location across the massif to cover a large geographic
distribution and for a low degree of serpentinization and alteration. Where available, dikes of greater
thickness were preferred to minimize potential re-equilibration with the bordering lithology. The
pyroxenite veins were cut along contacts with the surrounding peridotite and separated for analysis.
Some dikes have diffuse contacts with the adjoining ultramafic so care was taken to avoid incorporation
of the host rock.
Data Representation
In x-y chemistry plots, each symbol represents the average value of several analyses for a single sample.
In spider diagrams, traces for single samples are shown. The trace is the average value of several
analyses of that sample, and the sample is representative of all pyroxenites from its locality. LZ-10-18
and Mus-06-21 are unique samples. The symbols in the legend of Figure 5 are used in figures throughout
this paper.
Mineral major and trace element analysis
Mineral major elements were determined by electron microprobe analysis (EMPA) of 30-100 pm thin
sections using the five wavelength-dispersive spectrometer-JEOL JXA-8200 Superprobe at MIT. The
chemical compositions were obtained at an accelerating voltage of 15 kV, a beam current of 10 nA, and
a counting time of 20-40 s per element. Silicates and oxides were used as standards. Olivine, garnet, and
minor phases were analyzed with a beam diameter of 1 pm. A defocused beam 10-20 pm in diameter
was used to examine other phases due to Na migration in plagioclase and exsolution in pyroxenes and
spinel. Mineral major element analyses represent average values measured on 3-10 spots in the core of
each mineral phase. Rim compositions were also analyzed and reported for pyroxenes and spinel.
The trace element geochemistry of the constituent minerals in a subset of 16 thin sections was
determined by LA-ICPMS at the Institute of Mineralogy and Geochemistry (IMG) at the University of
Lausanne (UniL). The ablation system consists of a 193 nm excimer laser (NewWave UP ArF) coupled
with a sector-field spectrometer Element XR. Operating conditions for the laser included a 16-20 Hz
repetition frequency and an energy density of 7.6 J/cm2 .The high sensitivity and low background of this
ICP-MS make it ideal for measuring low element concentrations in depleted phases. Unique element
routines were optimized for each mineral phase. The background was measured for ~ 60s. The laser
signal was integrated over ~40s for most samples. The data reduction went according to the procedure
outlined in (Longerich, Jackson et al. 1996) and employed the LAMTRACE software (Jackson 2008). SRM
612 served as the external standard. SiO 2 , A1203, and CaO were used as internal standards for pyroxene
and olivine, spinel, and plagioclase, respectively. The average values reported represent 2-10 mineral
grains per sample measured with a 75-150 pm diameter beam in the core or rim of the grain as
specified.
Due to the reduced thickness of the 30 micron thin sections, adjustments were made in order to
maintain an adequate integration length and high sensitivity. The repetition frequency of the beam was
reduced to 14 Hz and the maximum allowable pit size on each spot was used. However, the integration
length for those samples was reduced to 15-20 s.
Whole rock major and trace element analysis
Twenty samples were crushed and then powdered in an agate mill. The powders were fused into Li-
tetraborate glasses. The whole rock major element geochemistry was determined by wave-length
dispersive X-ray fluorescence spectroscopy at the Center of Mineral Analysis at UniL. Trace element
analysis was completed on the same fused Li-tetraborate glasses by LA-ICPMS at UniL composed of an
193 nm Excimer Laser System (Lambda Physik, Geolas 200M) and quadropole ICP-MS (Elan 6100 DRC).
Both the background and the integration intervals were ~60s. The data reduction procedure was
identical to that for the mineral trace element analysis. SRM 612 was employed as the external
standard, and A120 3 was used as the internal standard. Three spots on each glass were measured with a
120 um beam diameter at 10 Hz and an energy density of 11.3 J/cm 2 and averaged. Whole rock major
and trace element compositions are presented in Appendix A: Whole Rock Chemistry . LA-ICPMS
detection limits for whole rock and all mineral analyses are reported in Appendix B.
Whole Rock Geochemistry
Bulk rock major elements and transition metals
Whole Rock major element compositions (Figure 5) segregate into groups with a regional bias. Mylonites
from Lanzo Central - near Castagnole and Lanzo North websterites plot more consistently as clusters,
while the pyroxenites from Lanzo Central and South have more variability. Overall major element trends
correspond with samples' modal compositions and reflect patterns in mineral chemistry. For example,
samples with a greater modal proportion of spinel have higher bulk rock alumina contents. The Mg-
number [XMg = Mg/(Fe+Mg)] distribution mimics that observed in the pyroxene mineral chemistry. The
majority of samples cluster between XMg 0.87 and 0.89 and are trailed by two evolved outliers from the
Lanzo Central group plotting at 0.84 and 0.86. LS pyroxenites, particularly the Cr-diopside websterite,
have the highest, most primitive XMg.
MnO, TiO2, A1203, and CaO are negatively correlated with XMg for pyroxenites of all localities. From North
to South across the massif, NiO and Cr20 3 increase, while TiO2, A1203, and Na20 decrease. CaO for most
pyroxenites is nearly constant; however, in LS pyroxenites the variations are very pronounced. In
accordance with its mineral modes, the Cr-diopside clinopyroxenite (Mus-06-21) has exceptionally high
Cr203and CaO.
Spinel websterites from Lanzo North are relatively A1203 enriched owing to Al-rich cpx and the presence
of spinel and garnet. Even though they lack plagioclase, these dikes also have twice as much Na20 as any
other pyroxenite group. Jadeite (NaAlSi 20 6 ), however, is present on the micron-scale, and the
clinopyroxenes also have a high jadeite component.
The reason for the incongruity in the XMg of two samples from Lanzo Central (LZ-10-08 and LZ-10-15) is
unknown. The petrography and modal compositions of these dikes are similar to others from the region.
The low Mg is somewhat compensated for by elevated MnO and A1203 wt%. Because of the low XMg, Cr,
and Ni, the dikes appear to be the most evolved of the samples.
Whole rock data from this study is generally consistent with previously published work. Averaged
pyroxenite data from Boudier (1978) plot intermediately with samples from this study. When the whole
rock pyroxenite data of Bodinier (1988) is differentiated based on locality. A similar compositional shift
from LN and LC to LS is seen, especially in MnO, TiO 2, and A1203.The largest discrepancy is the difference
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Figure 5. Bulk-rock major element concentrations [wt %] plotted against Mg-number of pyroxenites.
Data from Boudier (1978) and Bodinier (1988) represent average value of several analyses. The symbols
















In comparison to the pyroxenites, plagioclase and spinel lherzolites from the Lanzo massif (Bodinier
1988)have higher XMg (between 0.885 and 0.91) and lower major element compositions, except for
FeO(tot), due to the greater modal proportion of olivine in peridotite. In general for the lherzolites, major
element composition is negatively correlated with XMg and most closely neighbors the Lanzo South
pyroxenites. The dikes in Lanzo South are the most primitive in character either because they originated
from a more primitive melt or because they had more opportunity to re-equilibrate with the host
peridotite after emplacement.
Bulk rock trace elements
The normalized trace element patterns of selected samples from this study are displayed in Figure 6.
Normalized trace element patterns for all samples of this study are available in Figure A - 1. Also shown
for comparison are trace element patterns of pyroxenites from Beni Bousera (Gysi, Jagoutz et al. 2011)
and Malenco (Muntener 1997) and plagioclase peridotite from Lanzo (Kaczmarek and Mintener 2010).
The relative whole rock REE patterns mimic the relationships observed in clinopyroxene REE.
With a couple of exceptions, the pyroxenites from this study are enriched relative to primitive mantle
and have increasing LREE to HREE trends. The samples from Lanzo North show no significant variation in
REE. They have the steepest MREE to HREE fractionation [GdN/YbN= 0.43-0.60] and most elevated HREE
values. Likewise, dikes from Lanzo Central and near Castagnole are relatively homogenous but are only
moderately enriched in the HREE [GdN/YbN =0.66-0.97]. All of the above exhibit steep LREE to MREE
trends [CeN/GdN= 0.21-0.59]. The anomaly is the very coarse grained spinel websterite LZ-10-18. As also
seen in clinopyroxene from this sample, its normal LREE to MREE fractionation is followed by depletion
in HREE [CeN/GdN= 0.21-0.59].
Lanzo North pyroxenites appear to have undergone a distinct post-emplacement history that led to
HREE enrichment. Their elevated HREE levels are comparable to that of garnet-bearing pyroxenites from
Beni Bousera, but the overall shape of their REE patterns differ.
Pyroxenites from Lanzo South are the most inconsistent. They mirror the same general shape - steep
LREE to MREE fractionation [CeN/GdN = 0.09-0.25] followed by flat MREE to HREE [GdN/YbN= 0.86-0.96] -
but their levels of enrichment relative to primitive mantle fluctuate from less than to double PM values.
Mus-06-21 is uncharacteristic. It is slightly depleted relative to primitive mantle and has the high
LREE/MREE ratio [CeN/GdN = 0.97] and, thus, has a consistently flat REE pattern. The atypical nature of
the trace element pattern of Mus-06-21 may indicate that this dike formed during a separate event. The
HREE pattern of Mus-06-21 is most similar to that of plagioclase peridotite from Lanzo, providing further
evidence that this dike is either from a more primitive melt or more thoroughly re-equilibrated with the
host peridotite.
Th, U, Ta, and Nb are often below detection limit, but where measured, ThN/UN ratios are very low,
indicating a high degree of fractionation. Similarly, NbN/LaN ratios are small, ranging between 0.10-0.44.
One exception is Arp-06-03 with its aberrantly high NbN/LaN ratio. ZrN/HfN is only weakly fractionated.
Lanzo South pyroxenites are severely depleted in Zr and Hf, while all others are comparable to the PM.
Dikes from Lanzo North and near Castagnole uniformly have high positive Pb anomalies, moderate
positive Sr spikes, and possibly very small positive Eu anomalies [EuN/Eu*N, where Eu*N = (SmN+ GdN)/21.
On the other hand, Lanzo Central and South pyroxenites dominantly show positive Pb but small negative
Sr anomalies. A few exceptions, including Mus-06-21 and LZ-10-26, display positive Sr anomalies instead.
Overall, Eu anomalies are diminutive and mutually inconsistent within a given region.
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Figure 6. Bulk-rock trace element concentrations normalized to primitive mantle (Sun and McDonough
1989). Detection limits were between 0.001-0.01. (a) Comparison between pyroxenites from Lanzo
South, Central, and Central-near Castagnole and an amphibolite (overprinted garnet pyroxenite) from
Malenco (Mintener 1997). (b) Comparison between a garnet-bearing pyroxenite from Lanzo North, a
Cr-diopside websterite from Lanzo South (Mus-06-21), a spinel websterite from Lanzo Central (LZ-10-
18), Lanzo plagioclase peridotite (average of porphyroclastic plagioclase peridotite from Lanzo central -





The average mineral major and trace element chemistry and the two sigma deviation are reported in
Appendix B. Core-rim zoning was explored in pyroxenes and spinel, as were compositional differences
between porphyroclasts and neoblasts in pyroxenes.
Clinopyroxene
The Mg-number of clinopyroxenes varies between 0.85 and 0.92, with the majority of samples plotting
at 0.88 and above. The most primitive samples are from Lanzo South, and the most variable are derived
from Lanzo Central, including a subset of samples that are extremely MnO-rich. Within Lanzo Central,
samples from the vicinity of the shear zone have a slightly higher XMg.
Regional variation is highlighted by Cr20 3 and TiO 2 content (Figure 7). Cpx from Lanzo Central serve as a
transition between the low-Cr, high-Ti cpx in the north and the Cr-rich samples from the south. A similar
geographic differentiation is displayed by the trend in Na content. In agreement with whole rock
patterns, weight percent Na20 in cpx increases from the south to the north. Cpx from garnet-bearing
samples in Lanzo North also have a slightly higher jadeite component than their counterparts to the
south, possibly corresponding to higher equilibration pressures.
Neoblasts and rims often plot together as a group distinct from porphyroclastic cores. Although regional
variation in A1203 is similar across all groups, porphyroclast cores are clearly higher in Al-content than
rims and neoblasts. This zonation is a cooling phenomenon that can be attributed to the Tschermak
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Figure 7. Clinopyroxene chemistry of porphyroclast profiles and neoblasts.
Within a given sample, cpx trace elements display relatively homogeneous compositions among
porphyroclast cores and rims and neoblasts. Clinopyroxene in Lanzo pyroxenites fall into four distinct
groupings defined by their relative LREE and HREE fractionation (Figure 8). The most dominant group
[Group 1] includes most samples from Lanzo Central and South. Cpx from the shear zone near Castagnole
have the highest degree of intra-sample variability. Although cpx from Lanzo Central are 1.5-2 times
more enriched than those from the southern body, the REE trends are similar. Steep LREE to MREE
patterns [CeN/GdN = 0.06-0.35] are followed by flat to slightly concave downward MREE to HREE trends
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Figure 8. Comparison of LREE to MREE fractionation and MREE to HREE for cpx of Lanzo pyroxenites
reveals four distinct groups. Symbols represent porphyroclast cores.
The second major group [Group II], consisting of pyroxenites from Lanzo North, is characterized by HREE
significantly enriched compared to MREE [GdN/YbN ~ 0.50], negative Eu anomalies, and REE
concentrations of 1 - 10 times the primitive mantle. Although LZ-10-01 plots near Group I in Figure 8, its
trace element concentrations and petrography are more akin to the other pyroxenites from Lanzo North
and, thus, is included in Group II. The elevated REE of Group 11 cpx suggest that the cpx grew at the
expense of another more-enriched phase - possibly garnet.
Two samples fall into neither of the above categories. Mus-06-21 has a nearly flat REE pattern [CeN/GdN
~ 0.84 & GdN/YbN 1.00], a small positive Eu anomaly [EuN/Eu*N ~ 1.09], and REE concentrations
comparable to the primitive mantle. LZ-10-18-1 is the only sample in which the HREE are depleted
relative to the MREE [GdN/YbN 2.10]. This pattern of REE depletion is characteristic of cpx in
equilibrium with garnet.
4 Group 11 (LZ-10-06) 
-A-LZ-10-18-1
-- Group I (Cas-06-10) 
-B-Mus-06-21
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Figure 9. Abundance of trace elements in clinopyroxene normalized to primitive mantle (Sun and
McDonough 1989; McDonough and Sun 1995). A typical sample for each group, representing the
average value of 3-7 porphyroclast cores, is plotted. Detection limits of LA-ICPMS are shown by dotted
line.
Most samples in LC, LC-C, and LS exhibit slight negative to negligible Eu anomalies and various amounts
of depletion in Pb and Sr. These samples can possibly be interpreted as cpx having fractionated prior to
plagioclase. Lanzo North samples have slightly stronger negative Eu anomalies [Eu/Eu*=0.6-0.8] and
negative Sr and Eu spikes. Potentially, this indicates that cpx crystallized from a magma that had already
fractionated plagioclase. However, these features could be a result of metamorphic reequilibration and
not a relic of the magmatic history. The remainder of the incompatible elements are depleted with
respect to the REE. As in the bulk-rock chemistry, ZrN/HfN fractionation is weak to nonexistent. The
NbN/LaN ratio of cpx in Lanzo North is between 0.69-0.97; however, the majority from Lanzo Central and
Lanzo South are more severely fractionated [NbN/LaN -001-0-49]-
The trace element abundances of Th, U, and to a lesser extent Ta are sometimes below detection limit.
The relative abundances of ThN and UN in cpX can be used as an estimate for the pressure at which the
mineral crystallized. The solubility of Al in the M2-site of cpx is enhanced with increasing pressure,
effectively reducing the size of the site. As a result, at pressures greater than 15 kbar, the larger Th 3 is
discriminated against and the smaller U41 cation is preferentially included in the crystal structure (Wood,
Blundy et al. 1999). Cpx from the majority of Lanzo pyroxenites have ThN/UN < 1 (Figure 10). Those from
the shear zone are within error of one. Only Mus-06-21 sits well above unity, suggesting that it
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Figure 10. Relative abundance of ThN and UN in cpx porphyroclasts. ThN/UN > 1 correlates to
crystallization pressure of greater than 15 kbar. Dotted line at ThN/UN = 1 for reference.
Orthopyroxene
Geochemical trends in XMg, Cr20 3, and TiO 2 of orthopyroxenes mimic those in cpx. Sample Mus-06-21, a
Cr-diopside websterite, exhibits exceptionally low Ti. Xmg of opx clusters around 0.89 and 0.90 with a
small group from Lanzo Central plotting between 0.85 and 0.88. Porphyroclast cores have 2.25 - 1.09%
CaO, while CaO content in rims and neoblasts drops as low as 0.67%. As with cpx, orthopyroxene exhibit
a Tschermak- exchange induced enrichment of A1203 in orthopyroxene cores relative to rims.
Opx in all samples are characterized by relatively uniform REE fractionation [CeN/YbN = 0.01 - 0.04].
HREE fractionation and REE concentrations increase from south to north across the massif (Figure 11).
Again, Mus-06-21 and LZ-10-18 are outliers with more depleted and less steep REE patterns. The
remaining HFSE and LILE elements are depleted with respect to the primitive mantle. Pb anomalies are
uniformly positive; however, Sr and Ba anomalies are inconsistent. Opx trace element patterns among
porphyroclastic cores, rims, and neoblasts display much more intra-sample variability than cpx.
Olivine
Most olivines have an Mg-number between 0.88 and 0.90 (Figure 12). Lanzo South pyroxenites, namely
the Cr-diopside websterite, exhibit the highest XMg. A compositional gap exists between the main group
of olivines and three samples from Lanzo central which fall between 0.85 and 0.86 XMg. These outliers
also display the highest MnO content [0.25-0.30% as opposed to 0.12-0.21% for all other samples].
Intra-sample variability of NiO is relatively high, but overall Ni correlates positively with Mg#. NiO varies
between 0.26-0.45%. Lanzo North had the lowest NiO content.
LZ-10-06 -*-Cas-06-05 -a-LZ-10-18-1
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Figure 11. Abundance of trace elements in orthopyroxene normalized to primitive mantle (Sun and
McDonough 1989). Each trace is the average value of 3-7 porphyroclast cores, except Mus-06-21
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Figure 12. Olivine composition in Lanzo pyroxenites. Mg# shows negative correlation with MnO and




Spinels from the Lanzo pyroxenites exhibit a compositional shift across the massif. The Al-rich spinels
from Lanzo North plot as a cohesive group with a Cr-number [Cr# = Cr/(AI+Cr)] that varies between 0.05
and 0.12 (Figure 13). Moving southward, spinel compositions are much more highly variably and are
enriched in Cr, Ti, and Fe at the expense of Mg and Al. The Cr-Al trend, from Hercynite and Spinel to
Chromite compositions, dominates the chemistry, as seen in the ternary plot (Figure 14). The majority of
spinels, including those from Lanzo North, plot within the alpine ultramafic massif field as defined by
Barnes and Roeder (2001). A few of the more Cr-rich compositions reach the ocean floor basalt
classification. Zonation is most evident in spinels from the northern part of the massif that have rims
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Figure 13. Cr-number vs TiO 2 and Mg# for spinels in Lanzo pyroxenites. Filled symbols are cores and
hollow circles represent rims.
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Figure 14. Ternary plot [Fe 3 -Cr-Al] of spinel compositions. Data for spinel fields was compiled by Barnes
and Roeder (2001). Figure adapted from Gysi, Jagoutz et al. (2011).
Plagioclase
Plagioclase is present in most of the pyroxenite samples; however, the phase is greatly altered in
samples from Lanzo North. Major elements in plagioclase show low inter-sample variability. Anorthite
content is between 71 and 95% (Figure 15). Although K20 is extremely low (< 0.02 wt%) in all samples,
there is a slight trend increasing toward Lanzo South.
The average HREE of all analyses are similarly depleted [CeN/GdN~ 5-6] with respect to primitive mantle
(Figure 16). Eu, the only REE enriched with respect to the primitive mantle, displays a high uniform
positive anomaly of 1.62 - 2.62 [EuN/Eu*N]. LREE depletion is much more variable among samples. LREE
to MREE patterns in Lanzo South are concave downward with GdN/YbN ratios of 1 to 2.23, while in Lanzo
Central the LREE decrease uniformly and GdN/YbN ratios vary between 2.10 and 3.22. The remainder of
the incompatible elements are moderately depleted (0.01 - 1 times primitive mantle) except Sr, Pb, and
Ba which show positive anomalies with respect to REE. NbN/LaN ratios display a high degree of
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Figure 16. Abundance of trace elements in plagioclase normalized to primitive mantle (Sun and
McDonough 1989). Each trace represents the average value of 3-7 minerals. Detection limits of LA-
ICPMS are shown by dotted line.
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Garnet and minor phases
Micron-scale garnet present in Lanzo North pyroxenites were measured by EMPA. The chemistry for
garnet is reported in Appendix B. Garnets have very low XMg [0.20-0.36] as reflected by their low pyrope
component [0.07 - 0.20 mol%]. CaO and FeO wt% are comparable [0.29-0.53 mol% grossular, 0.28 -
0.44 mol% almandine]. A1203 is relatively constant at 22 to 24 wt%. The garnet ternary diagram in Figure
17 compares garnet compositions of Lanzo North pyroxenites with original, magmatic garnet present in
garnet pyroxenites from Beni Bousera (Gysi, Jagoutz et al. 2011) and the External Ligurides (Montanini,
Tribuzio et al. 2006). The Lanzo garnet has a much lower pyrope component and no compositional
overlap with garnet from the other ultramafic massifs.
Am + Beni Bousera
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Figure 17. Ternary plot of garnet compositions from Lanzo North pyroxenites compared with garnet
compositions from garnet pyroxenites from Beni Bousera (Gysi, Jagoutz et al. 2011) and the External
Liguride Ophiolite (Montanini, Tribuzio et al. 2006). Prp, pyrope; Alm, almandine; Grs, grossular.
Chemistry for minor phases is listed in Appendix B. Jadeite, zoisite, and chlorite are present in close
association with garnet. Jadeite has about 23 wt% A1203 and 14 wt% Na20 in agreement with the high
whole rock sodic content. Zoisite yields about 24 wt% CaO and 33 wt% A1203. Chlorites are dominantly
clinochlore with XMg 0.87 - 0.94. Amphiboles and pyroxenes ring the rest of the assemblage and are
often in contact with olivine. Amphiboles mainly lie along the edenite-tremolite series - related by the
jadeite exchange NaAI(MgCa) 1. Na20 ranges between 2.80-5.65 wt%.
The major element composition of the existing garnet is not characteristic of a magmatic origin. No trace
elements were measured for the garnet or minor phases. However, determination of REE enrichment or
depletion would further enlighten whether the assemblage is the breakdown of original garnet, the
result of eclogite-facies overprinted plagioclase, or a combination of these processes. A rough
reintegration of the bulk composition of these assemblages was completed in order to approximate the
original composition. It was approximated from BSE images that the clusters were composed of 14%
grossular garnet, 14% jadeite, 22% zoisite, 43% chlorite, and 7% amphibole. The average composition of
each of these phases measured by EMPA was used in the weighted average. Chlorite composition was
renormalized to 100 wt% to account for the effect of water. All iron was assumed to be Fe2'. The charge
balance calculated with this composition was more in agreement with garnet with a charge deficit of
only 0.22 than for plagioclase with a charge deficit of 1.10.
The resulting SiO 2 content (~42 wt%) is intermediate between values appropriate plagioclase and garnet
but closer to garnet. A1203 reaches 23 wt% which is very suitable for a garnet composition. The largest
discrepancies are that the reintegrated analysis has a much higher Na20 at 2.5 wt% compared to usually
trace values in garnet and Cr20 3 is slightly low. Recalculation of garnet endmembers with the
reintegrated composition results in a much increased pyrope and reduced grossular component, 0.58
mol% and 0.21 mol%, respectively. The reintegrated composition shifts toward compositional overlap
with garnet pyroxenites from other ultramafic massifs in the ternary diagram.
Discussion
Geothermometry
As observed in the petrography, the Lanzo massif has undergone many facies changes due to a series of
coupled magmatic and tectono-metamorphic events. Therefore, temperatures calculated from the
mineral chemistry must be interpreted carefully. The pyroxenites have assuredly undergone some
degree of metamorphic reequilibration as exhibited by the abundant, multi-generational pyroxene
exsolution, Tschermak-induced Al core-rim zoning in pyroxenes, the highly anhedral texture, and the
garnet breakdown clusters. Major elements are more mobile and likely to have reequilibrated quickly in
changing pressure and temperature conditions than incompatibles and REEs (Van Orman, Grove et al.
2001; Cherniak and Dimanov 2010). Thus, the major elements can be expected to record the more
recent metamorphic events and the incompatible elements retain some information about the earlier
history of the massif. The Fe/Mg ratios of cpx plotted against those of opx and olivine cluster closely
around the line of unity slope (Figure 18). The Fe-Mg partitioning indicates that these rocks are in major
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Figure 18. Fe/Mg of clinopyroxene plotted against the Fe/Mg of orthopyroxene (triangles) and olivine
(squares). Equilibrium test based on Fe-Mg exchange coefficient (Obata 1980). 1:1 line shown for
comparison.
Three different geothermometers were employed on pairs of coexisting pyroxenes in Lanzo pyroxenites.
The lack of a reliable pressure-dependent mineral phase, such as garnet, in the majority of Lanzo
pyroxenites prohibits the use of most geobarometers. The calculated temperatures and pressures are
reported in Table 2. For pyroxenes with exsolution of the corresponding pyroxene, the integrated
a8WIM
composition was used. The temperatures are calculated for adjacent pyroxenes pairs, but neoblasts and
porphyroclasts were not differentiated. There is poor reproduction among pyroxene thermometers
utilizing major element compositions. Wells's (1977) two-pyroxene, mixing model is a revised version of
Wood and Banno (1973) and is pressure-independent. A pressure input of 10 kbar (near the plagioclase-




of temperature calculations for Lanzo pyroxenites based on neighboring
Sample Location No. of T(-C) T(0C) T(0 C)
mineral cpx-opx thermometer cpx-opx thermometer Ca-i n-opx thermometer
pairs Brey & Kohler (1990)' Wells (1977)2 Brey & Kohler (1990)3
LZ-10-01 LN 1 864 ± 60a 1241 ±20a 1128± 50a
LZ-10-04 LN 2 747 ±60a 1235 ±20a 1136 ±50a
LZ-10-06 LN 3 813 ± 82 1233 ±17 996 ±14
Cas-06-01 LC-C 3 944 ±129 1285 ± 25 988 ±36
Cas-06-05 LC-C 4 925 ± 133 1254 ±16 1037 ±119
Cas-06-09 LC-C 3 889 ± 33 1252 ±25 946 ±37
Cas-06-10 LC-C 2 850 ±60a 1246 ±20a 924± 50a
LZ-10-07 LC 5 958 ±116 1262 ±28 1062 ±85
LZ-10-08 LC 6 1009 ±105 1277 ±35 1138 ±120
LZ-10-11 LC 5 1004 ±59 1269 ± 28 1079 ±96
LZ-10-12 LC 4 936 ±78 1286 ±8 1104 ±32
LZ-10-15 LC 5 1034 ± 100 1279 ±31 1102 ±39
LZ-10-18-1 LC 6 1015 ± 83 1303 ± 17 1143 ±61
LZ-10-18-2 LC 5 989 ± 66 1267 ±7 1093 ±65
LZ-10-20 LC 5 980 ± 85 1252 ±18 1086 ±15
Mus-06-08 LS 4 1058 ± 72 1311 ±14 1124 ±98
Mus-06-19 LS 4 1044 ± 44 1267 ±25 1074 ±35
Mus-06-21 LS 4 1109 ± 40 1316 ±21 1034 ±45
Arp-06-02 LS 6 1109 ±50 1315 ±12 1199 ±53
Arp-06-03 LS 7 1088 ±33 1300 ±16 1156 ±86
LZ-10-26 LS 5 1078 ±19 1317 ±25 1239 ±54
Temperatures (1) and (3) calculated with estimated pressure of 10 kbar.
Errors represent 10 variation of mineral pairs from the average.
aApproxi mate errors when number of mineral pairs <3.
LN - Lanzo North, LC-C - Lanzo Central near Castagnole, LC - Lanzo Central, LS - Lanzo South
The cpx-opx thermometer of Brey and Kohler (1990) is considered to provide the most reasonable
temperature estimates. Metamorphic reequilibration temperatures calculated for Lanzo North
pyroxenites are the lowest (747-864'C). LC-C pyroxenites have temperatures that cluster around 9000C,
while calculated temperatures for Lanzo Central are closer to 10000C. Lanzo South pyroxenites record
the highest temperatures between 1044-11090 C. LC-C estimates are in good agreement with calculated
temperatures available for plagioclase peridotites from the same location. Kaczmarek and Mintener
(2010) report approximately 980"C for porphyroclastic cores using the Ca-in-opx thermometer (Brey and
Kohler 1990) and slightly lower (about 850*C) for rims and neoblasts with the two-pyroxene Brey and
Kohler (1990) thermometer.
The temperatures calculated from the cpx-opx thermometer of Wells (1977) are approximately 200-
400C higher than those of BKN and span a much narrower range of 1233-13170 C for all pyroxenites.
These temperatures are regarded as somewhat unrealistic. The major element compositions likely
record the metamorphic reequilibration of the pyroxenites during decompression and exhumation, but
all of temperatures from the two-pyroxene thermometer of Wells (1977) are above 12000C, past the
basalt liquidus. The large discrepancy between the two-pyroxene thermometers may exist because the
simpler formulation of Wells neglects the effect of pressure on the reaction and the influence of Na in
clinopyroxene.
The Ca-in-opx thermometer has little consistency with the two-pyroxene thermometer of Brey and
Kohler (1990). The Ca-in-opx thermometer forecasts temperatures 24-1650 C greater than the two-
pyroxene thermometer. The disagreement is much wider for samples from Lanzo North with
temperature differences of more than 1800C. The pyroxenites from Lanzo North are very sodium-rich,
but the Ca-in-opx thermometer lacks an adequate correction for the influence of Na on the Ca content
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Figure 19. Temperature profile from North to South across the Lanzo massif. Temperatures calculated
using the cpx-opx thermometer of Brey and Khler (1990). Error bards indicate the 10 standard
deviation. Sample locations projected onto sections shown in Figure 1.
Although the pyroxene thermometers show little absolute agreement, they do consistently yield a trend
of increasing temperature from North to South across the massif (Figure 19). This trend is retained when
looking at more qualitative temperature estimates based on trace element partitioning and equilibrium.
The distribution of REE concentrations between opx and cpx is a function of the ionic radius (Figure 20).
Black dashed lines correspond to REE equilibrium between phases at the given temperatures according
to relationships give in Agranier and Lee (2007) and Witt-Eicksen and O'Neill (2005). Porphyroclastic cpx
and opx ratios from Lanzo pyroxenites plot as disequilibrium lines. Because diffusion times of LREEs are
slower due to their larger radii (Van Orman, Grove et al. 2001), the LREE are dominantly out of
equilibrium while the HREE tend to lie along equilibrium lines. HREE in Lanzo South pyroxenites are
equilibrated above 14000C, Lanzo North pyroxenites are just below 1300*C, and Lanzo Central are
intermediate. Mus-06-21 displays a greater degree of LREE disequilibrium than the majority of samples,
and its HREE follow a lower temperature equilibrium line than the other samples from Lanzo South. LZ-
10-18-1 maintains the highest amount of REE equilibrium.
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Figure 20. Distribution of REE concentrations between opx and cpx as a function of the radius of
trivalent cations in 8-fold coordination. Black dashed lines correspond to REE equilibrium between
phases at the given temperatures according to Agranier and Lee (2007) and Witt-Eickschen and O'Neill
(2005) Solid lines are disequilibrium lines of porphyroclastic cpx and opx from Lanzo pyroxenites.
Parental liquid composition
When possible, it is ideal to describe the origins of the pyroxenites, the geodynamic setting of their
emplacement, and their crystallization sequence. Parental melt compositions in equilibrium with
clinopyroxene can be calculated from trace element mineral compositions, but only when those phases
preserve magmatic features distinguishable from metamorphic alteration. Mus-06-21, the Cr-diopside
websterite from Lanzo South, fits these criteria. The melt composition in equilibrium with cpx from Mus-
06-21 was calculated using cpx-melt partition coefficients reported in Table 3 from Hart and Dunn
(1993), which were calibrated to mimic hot (1380'C) and deep (3GPa) conditions, and where needed








































Hart & Dunn (1993)
'Hauri et al. (1994) cpx/melt 1.7 GPa
2 interpolated from adjacent REE
The primary characteristics of the Cr-diopside clinopyroxenite melt pattern are high LREE enrichment,
no Eu anomaly, and flat HREE fractionation (Figure 21). Melt patterns of Mus-06-21 do not precisely
coincide with primitive REE compositions from MORB spreading centers (data compiled from PetDB),
which show concave downwards LREE enrichment or generally flat HREE patterns enriched 2-9 times
with respect to the primitive mantle. The Nb/La ratios of Mus-06-21 clinopyroxenes falls within the field
defined for MORB spreading centers (PetDB). The Cr-diopside websterites have primitive compositions
(high XMg and Cr and Ni contents), exhibit fuzzy contacts that grade into the surrounding secondary
lherzolite, and display high ThN/UN ratios indicating crystallization at shallow pressures. These
pyroxenites are interpreted as the late-stage results of melt infiltrations and melt-rock reactions and the
youngest generation of pyroxenites in the Lanzo massif. Cr-diopside websterites in Lanzo massif are
likely related to the events that emplaced the gabbroic bodies and basaltic. Cr-diopside clinopyroxenites
occur solely within the southern domain where evidence for melt infiltrations and melt-rock reaction is
abundant. Bodinier (1988) interpreted melt compositions calculated from the whole-rock composition
of Lanzo websterites to resemble the parental magma of the indigenous gabbros and to have normal
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Figure 21. Primitive mantle normalized (Sun and McDonough 1989) trace element diagram for
calculated melt compositions from porphyroclastic cpx from Mus-06-21. Compared with PM-normalized
(Sun and McDonough 1989) trace element patterns of samples from MORB spreading centers with
primitive compositions (PetDB). Primitive composition data was collected from a several sources within
PetDB petrology database and culled according to the following criteria: Mg-number between 0.60 and
0.85 and Ni (ppm) between 150 and 550.
P-T Model
Field, petrographic, and geochemical evidence define two distinct generations of pyroxenites and
describe a multi-stage history. The petrogenesis of the younger Mus-06-21 was discussed in the previous
section. Mus-06-21 has MORB affinities and was emplaced in shallow, hot (~1100 0C) conditions
coinciding with the opening of the ocean basin. The other websterites belong to a much older
generation whose magmatic history is difficult to bracket due to the loss and modification of primary
phases. However, field relationships do show that the websterites pre-date the continental rifting and
high temperature deformation. Regardless of origin, the websterites were located in the subcontinental
lithosphere within the garnet stability field at pressures around 20 kbar and temperatures above 1100*C
prior to rifting. Evidence for their existence as garnet pyroxenites is only preserved within Lanzo North
pyroxenites as the preservation of garnet pseudomorphs, Al-rich clinopyroxene exsolving garnet, and
elevated HREE in cpx indicative of cpx grown over garnet. LZ-10-18, possibly because it is coarse-grained
and is a very thick dike, did not re-equilibrate during rifting as did the rest of the pyroxenites from Lanzo
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Figure 22. Model P-T path for Lanzo pyroxenites. Reaction lines from Kushiro and Yoder (1966). (1)
Pyroxenites in subcontinental mantle lithosphere within garnet stability field. Transition from (1) to (2)
corresponds to exhumation of massif to spinel- and plagioclase- stability fields. (2) to (3) is subsequent
subduction of massif to eclogite-facies conditions.
The transition to spinel- and plagioclase- stability fields that occurred during the Jurassic exhumation of
the massif is observed in the websterites as plagioclase and olivine rims surrounding spinel and the
kelyphitization of garnet. According to the geothermometry, metamorphic reequilibration temperatures
varied across the massif from 11000C in the south to 8000C in the North.
Three stages on a model P-T path are constrained by the petrography and geochemistry (Figure 22). The
relative isolation of the northern domain due to its separation from the rest of the massif by the shear
zone and its shallower, colder temperature evolution allowed it to retain some information about the
earlier history. Meanwhile, the rest of the websterites were more vulnerable to thermo-chemical
modification and reequilibration. This regional variation in pyroxenite textures is probably linked to the
geochemical variation in peridotite composition across the shear zone (Kaczmarek and Muntener 2010)
and reinforces the importance of the northern shear zone as a permeability barrier.
The rampant alteration of plagioclase and modification of kelyphite clusters in Lanzo North websterites
are results of the early Tertiary subduction to eclogite-facies conditions of the Lanzo massif. The garnet
must have been kelyphitized prior to subduction. Otherwise, an eclogite-facies overprint would not have
resulted in the current composition.
Conclusion
The aim of this work was to complete a detailed investigation of the pyroxenitic layering within the
Lanzo massif and to describe the pyroxenites' relationship to the rift-to-drift transition in an ultraslow-
spreading environment. The majority of pyroxenites are not related to the rifting and opening of the
Ligurian Tethys, but they do record this event by the modification of mineral textures and chemistry.
The older generation of pyroxenites, which are found throughout the massif, were situated in the
subcontinental lithosphere within the garnet stability field before the Jurassic rifting and exhumation.
These websterites evolved during the transition from garnet-facies conditions to shallower levels during
exhumation of the subcontinental lithosphere as the Ligurian Tethys ocean developed. Later, during the
Early Tertiary as part of the Alpine orogeny, the Lanzo massif was subducted to eclogite facies and then
thrusted onto the European margin. The regional compositional and textural variation in this older
group of pyroxenites is not due to primary heterogeneities, but rather to the later differences in
metamorphic histories. Only the pyroxenites from the northern domain, which remained peri-
continental throughout the rift-to-drift scenario, preserve textural (garnet pseudomorphs) and
geochemical (greatly elevated HREE) evidence for the coexistence of clinopyroxene and garnet. This was
possible because these pyroxenites experienced a colder exhumation history and physical isolation from
the rest of the massif by means of a high temperature shear zone related to the rifting event. One
especially thick dike from the central domain retains clinopyroxene trace element patterns that are still
in equilibrium with garnet. The younger generation of pyroxenites located solely in the southern domain
is a group of primitive Cr-diopside websterites of MORB affinity related to melt infiltrations and melt-
rock reactions during rifting and exhumation. The results from this study supplement Bodinier's (1991)
isotopic evidence for the subcontinental origins of the Lanzo massif and further support a conceptual
model of how high temperature shear zones act as permeability barriers in rift-to-drift environments
(Kaczmarek and Muntener 2010). Future work on the pyroxenites oriented at further confirming their
subcontinental origin will include an investigation of the trace element abundances of garnet
breakdown texture by LA-ICPMS and Sr, Nd, and Sm isotopic studies to fingerprint their origin and
constrain an isochron.
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Figure A - 1. Bulk-rock trace element concentrations normalized to primitive mantle (Sun and McDonough 1989). Detection limits were in the






Table A-1: XRF bulk-rock major element analyses (wt%) of Lanzo pyroxenites
Sample: LZ-10-01 LZ-10-04 LZ-10-06 CAS-06-01 CAS-06-05 CAS-06-09 CAS-06-10 LZ-10-07 LZ-10-08 LZ-10-11
Location: LN LN LN LC-C LC-C LC-C LC-C LC LC LC
Si02 48.52 45.66 44.30 49.47 46.82 46.77 45.74 50.32 46.80 47.28
TiO2 0.44 0.28 0.25 0.26 0.17 0.22 0.22 0.36 0.43 0.33
A1203 9.79 11.58 12.85 9.39 12.33 11.05 12.63 7.15 11.34 8.93
FeO(tot) 4.86 5.22 5.43 6.54 5.90 6.24 6.19 6.53 6.30 6.06
MnO 0.14 0.14 0.14 0.15 0.14 0.12 0.13 0.13 0.14 0.12
MgO 21.31 21.32 21.57 26.44 23.91 24.72 24.05 25.28 21.48 24.69
CaO 10.51 10.54 9.04 5.84 8.84 8.68 8.94 8.77 11.42 8.88
Na20 1.65 1.28 1.67 0.25 0.41 0.34 0.39 0.17 0.46 0.80
K20 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02
P205 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cr203 0.27 0.52 0.33 0.59 0.46 0.50 0.42 0.58 0.27 0.46
NiO 0.09 0.11 0.10 0.11 0.13 0.14 0.16 0.23 0.13 0.14
LOI 2.47 2.68 4.05 0.89 0.86 1.15 1.20 0.44 1.08 2.30
Total 100.06 99.34 99.74 99.93 99.98 99.93 100.07 99.96 99.85 100.01
Mg-no. 0.89 0.88 0.88 0.88 0.88 0.88 0.87 0.87 0.86 0.88
LZ-10-12 LZ-10-15 LZ-10-18 MUS-06-08
LC LC LC LS
48.70 48.82 52.80 48.07
0.38 0.38 0.29 0.29
8.58 10.53 5.13 7.32
5.84 7.27 5.76 5.57
0.13 0.15 0.14 0.11
23.48 21.53 25.16 25.30
10.19 10.51 9.67 11.08
0.58 0.29 0.12 0.06
0.01 0.00 0.00 0.00
0.01 0.01 0.01 0.01
0.38 0.23 0.47 0.53
0.13 0.10 0.08 0.13
1.21 0.26 0.39 1.52
99.61 100.09 100.02 99.98
























































































LOI, loss on ig
Mg-no. in mo
Table A-2: LA-ICPMS bulk-rock trace element concentrations (ppm) of Lanzo pyroxenites
Sample: LZ-10-01 LZ-10-04 LZ-10-06 CAS-06-01 CAS-06-05 CAS-06-09 CAS-06-10 LZ-10-07 LZ-10-08 LZ-10-11 LZ-10-12


























































































































































































































































































































































































- below detection limit of LA-ICPMS
LN - Lanzo North, LC-C - Lanzo Central near Castagnole, LC - Lanzo Central, LS - Lanzo South
Table A-2: Continued
LZ-10-15 LZ-10-18 MUS-06-08 MUS-06-19 MUS-06-21 ARP-06-02 ARP-06-03 LZ-10-26

































































































































































































































































- below detection limit of LA-ICPMS






















































Appendix B: Mineral Chemistry
Table B-1: Major element concentrations (wt%) in clinopyroxene from Lanzo pyroxenites
Sample: LZ-10-01 LZ-01-04
core (n=3) rim (n=3) neo (n=4) core (n=6) rim (n=2) neo (n=3)
Avg 2o Avg 20 Avg 2a Avg 20 Avg 2a Avg 2a
Si02 49.99 1.17 51.39 0.23 51.72 0.89 50.48 1.20 51.28 - 51.74 0.47
Ti02 1.18 0.43 1.25 0.19 1.13 0.26 0.82 0.15 0.86 - 0.72 0.17
Cr203 0.40 0.19 0.54 0.19 0.40 0.11 0.37 0.10 0.60 - 0.48 0.13
A1203 6.18 2.34 4.27 0.45 4.01 1.50 5.76 1.78 4.19 - 4.11 0.48
FeO(tot) 3.05 0.23 2.91 0.57 2.86 0.43 3.38 0.28 3.07 - 3.25 0.36
MnO 0.12 0.03 0.13 0.05 0.13 0.04 0.14 0.04 0.15 - 0.13 0.01
MgO 15.12 1.08 15.97 0.30 16.20 0.55 15.79 1.31 16.26 - 16.62 1.59
CaO 22.48 0.45 22.87 0.92 22.89 0.76 22.35 1.39 22.43 - 21.96 1.66
Na20 0.68 0.10 0.62 0.07 0.54 0.11 0.58 0.08 0.57 - 0.54 0.02
K20 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 - 0.00 0.01
Total 99.21 0.70 99.95 0.19 99.89 0.88 99.68 1.03 99.40 - 99.55 0.82
Mg-no. 0.90 0.01 0.91 0.02 0.91 0.01 0.89 0.01 0.90 - 0.90 0.01
Sample: LZ-10-06 Cas-06-01
core (n=4) rim (n=4) neo (n=3) core (n=3) rim (n=1) neo (n=8)
Avg 2a Avg 20 Avg 2o Avg 20 Avg 2a Avg 2a
Si02 50.64 0.53 51.45 0.81 51.57 0.14 51.59 1.20 51.02 - 51.78 0.70
Ti02 1.04 0.37 1.11 0.20 1.06 0.08 0.66 0.34 0.88 - 0.73 0.12
Cr203 0.34 0.27 0.57 0.32 0.62 0.26 0.77 0.42 0.73 - 0.75 0.25
A1203 6.05 2.00 4.05 1.12 3.95 1.24 4.23 0.53 4.42 - 3.99 0.86
FeO(tot) 3.74 0.82 3.24 0.18 3.23 0.42 3.55 0.52 3.21 - 3.29 0.63
MnO 0.16 0.07 0.14 0.03 0.14 0.02 0.12 0.01 0.09 - 0.12 0.05
MgO 16.28 2.03 16.08 0.29 16.46 0.50 16.92 1.41 15.79 - 16.35 1.02
CaO 21.10 4.13 22.55 1.44 22.67 1.59 21.72 1.60 22.73 - 22.57 1.71
Na20 0.67 0.16 0.62 0.06 0.60 0.02 0.55 0.11 0.61 - 0.56 0.12
K20 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 - 0.01 0.02
Total 100.02 0.62 99.81 0.43 100.31 0.87 100.11 0.52 99.49 - 100.15 0.97
Mg-no. 0.89 0.01 0.90 0.01 0.90 0.01 0.89 0.01 0.90 - 0.90 0.01
Sample: Cas-06-05 Cas-06-09
core (n=6) rim (n=3) neo (n=3) core (n=3) rim (n=2) neo (n=3)
Avg 2o Avg 20 Avg 2o Avg 20 Avg 2o Avg 2o
Si02 51.14 1.15 51.78 0.86 51.40 0.67 50.90 2.15 51.80 - 51.68 0.64
Ti02 0.59 0.17 0.60 0.05 0.66 0.25 0.72 0.09 0.77 - 0.73 0.14
Cr203 0.71 0.59 0.88 0.14 0.78 0.24 0.42 0.13 0.51 - 0.61 0.43
A1203 5.24 2.12 3.66 0.29 4.29 1.22 5.43 2.89 3.66 - 3.70 0.47
FeO(tot) 3.29 0.63 2.99 0.30 3.12 0.08 3.57 0.73 3.17 - 3.37 0.29
MnO 0.12 0.05 0.11 0.05 0.14 0.03 0.13 0.05 0.10 - 0.09 0.05
MgO 16.21 1.12 16.21 0.28 16.19 0.99 16.00 1.10 16.44 - 16.60 0.63
CaO 22.10 1.94 23.00 0.38 22.73 0.70 22.37 0.60 22.94 - 22.34 0.63
Na2O 0.57 0.18 0.55 0.08 0.58 0.10 0.56 0.05 0.55 - 0.50 0.10
K20 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 - 0.00 0.01
Total 99.99 1.03 99.79 0.35 99.88 0.66 100.10 1.21 99.93 - 99.61 0.63
Mg-no. 0.90 0.02 0.91 0.01 0.90 0.01 0.89 0.03 0.90 - 0.90 0.01
Sample: Cas-06-09-2 Cas-06-10
core (n=1) neo (n=8) core (n=3) rim (n=1) neo (n=3)
Average 20 Average 20 Average 20 Average 2o Average 2a
Si02 50.60 - 51.38 0.96 50.71 1.57 51.60 - 51.44 0.41
Ti02 0.75 - 0.75 0.21 0.67 0.19 0.51 - 0.80 0.23
Cr203 0.54 - 0.69 0.41 0.47 0.17 0.89 - 0.77 0.65
A1203 5.02 - 4.10 0.97 4.67 3.73 3.56 - 4.11 0.58
FeO(tot) 3.15 - 3.31 0.33 3.10 0.77 2.72 - 3.16 0.13
MnO 0.11 - 0.11 0.03 0.14 0.03 0.10 - 0.12 0.04
MgO 15.66 - 16.37 0.84 16.00 0.75 16.21 - 16.10 0.09
CaO 23.05 - 22.46 1.39 22.49 2.25 23.35 - 22.90 0.20
Na2O 0.51 - 0.55 0.08 0.94 0.66 0.55 - 0.58 0.05
K20 0.00 - 0.00 0.01 0.07 0.06 0.01 - 0.01 0.04
Total 99.39 - 99.72 0.88 99.25 0.39 99.51 - 99.97 0.94




core (n=3) rim (n=3) neo (n=3) core (n=4) rim (n=4) neo (n=3)
Avg 2o Avg 2o Avg 2a Avg 2o Avg 2o Avg 2a
Si02 50.51 0.33 50.93 0.99 51.15 1.01 50.87 1.20 51.52 0.98 51.43 1.13
Ti02 0.77 0.19 0.79 0.09 0.77 0.07 1.00 0.39 0.97 0.37 0.96 0.40
Cr203 1.04 0.19 1.18 0.14 1.09 0.12 0.34 0.09 0.39 0.27 0.43 0.40
A1203 5.28 1.02 4.26 0.77 3.98 1.06 5.05 0.33 4.21 1.04 3.98 0.73
FeO(tot) 3.69 0.54 3.31 0.50 3.20 0.09 4.38 0.83 3.87 0.31 3.67 0.66
MnO 0.11 0.02 0.11 0.02 0.10 0.07 0.15 0.02 0.15 0.01 0.14 0.03
MgO 16.40 1.82 16.39 0.79 16.04 1.15 16.67 2.48 16.28 1.29 16.15 0.32
CaO 20.76 2.48 21.82 1.27 22.49 1.05 20.73 3.49 22.13 1.12 22.23 0.07
Na20 0.55 0.10 0.58 0.04 0.56 0.23 0.41 0.20 0.38 0.19 0.36 0.12
K20 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00
Total 99.10 0.68 99.38 1.21 99.39 1.73 99.60 0.61 99.92 0.42 99.37 0.38
Mg-no. 0.89 0.00 0.90 0.01 0.90 0.01 0.87 0.01 0.88 0.00 0.89 0.02
Sample: LZ-10-11 LZ-10-12
core (n=6) rim (n=2) neo (n=3) core (n=3) rim (n=3) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
SiO2 50.37 1.47 51.12 - 51.21 0.49 50.96 0.38 51.37 0.83 51.11 0.68
Ti02 0.77 0.06 0.87 - 0.75 0.06 0.87 0.09 0.90 0.09 0.88 0.09
Cr203 0.55 0.11 0.76 - 0.84 0.15 0.55 0.11 0.53 0.06 0.80 0.14
A1203 5.41 1.82 3.96 - 4.05 0.91 4.84 0.31 3.84 0.96 4.08 0.19
FeO(tot) 3.76 0.52 3.31 - 3.45 0.02 3.53 0.33 3.23 0.49 3.49 0.14
MnO 0.12 0.03 0.09 - 0.10 0.01 0.13 0.03 0.12 0.04 0.13 0.04
MgO 16.43 1.45 16.36 - 16.57 0.61 16.36 0.82 16.22 0.14 16.57 0.43
CaO 21.29 1.48 22.51 - 21.86 0.44 21.81 1.34 22.92 0.81 22.00 0.78
Na20 0.54 0.11 0.43 - 0.53 0.11 0.45 0.02 0.47 0.03 0.51 0.06
K20 0.00 0.01 0.00 - 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00
Total 99.23 0.88 99.41 - 99.35 0.38 99.51 0.74 99.60 0.17 99.58 0.47
Mg-no. 0.94 0.04 0.94 - 0.94 0.03 0.89 0.00 0.90 0.01 0.89 0.00
Sample: LZ-10-15 LZ-10-18-1
core (n=5) rim (n=4) neo (n=3) core (n=5) rim (n=3) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2a Avg 2a Avg 2a
Si02 49.75 2.01 50.39 0.16 50.69 0.82 51.66 0.43 51.29 0.60 50.86 1.39
TiO2 0.95 0.30 1.22 0.11 0.95 0.32 0.43 0.13 0.53 0.19 0.59 0.27
Cr203 0.32 0.14 0.47 0.15 0.38 0.10 0.61 0.11 0.66 0.19 0.64 0.37
A1203 5.81 1.68 4.71 0.71 4.20 0.73 4.46 1.02 3.82 0.82 5.14 1.05
FeO(tot) 5.17 0.86 4.51 0.54 4.54 0.42 3.77 0.22 3.31 0.09 3.58 0.41
MnO 0.15 0.03 0.13 0.03 0.14 0.04 0.13 0.05 0.11 0.05 0.11 0.04
MgO 16.52 1.73 15.64 0.20 16.05 0.67 17.29 0.78 16.40 0.56 16.61 1.11
CaO 20.43 2.28 22.40 0.89 22.06 1.67 20.67 1.36 22.26 0.99 21.64 1.61
Na20 0.49 0.09 0.52 0.11 0.44 0.12 0.52 0.08 0.50 0.10 0.45 0.13
K20 0.01 0.02 0.00 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.00 0.00
Total 99.58 1.49 99.98 0.67 99.46 1.08 99.54 0.57 98.90 0.58 99.61 0.86
Mg-no. 0.85 0.02 0.86 0.01 0.86 0.01 0.89 0.01 0.90 0.00 0.89 0.01
Sample: LZ-10-18-2 LZ-10-20
core (n=3) rim (n=2) neo (n=4) core (n=5) rim (n=3) neo (n=3)
Average 2o Average 2o Average 2o Average 2a Average 2o Average 2o
SiO2 51.05 0.94 50.88 - 51.27 0.47 50.77 0.82 51.22 0.52 51.54 0.37
TiO2 0.70 0.04 0.82 - 0.83 0.10 0.88 0.13 0.95 0.17 0.87 0.10
Cr203 0.98 0.15 1.07 - 1.16 0.16 0.36 0.09 0.39 0.02 0.45 0.05
A1203 5.49 0.60 4.82 - 4.84 0.48 5.61 1.71 4.46 0.32 4.27 0.73
FeO(tot) 3.65 0.15 3.38 - 3.40 0.25 4.08 0.50 4.04 0.82 4.02 0.30
MnO 0.13 0.06 0.10 - 0.10 0.04 0.17 0.01 0.14 0.03 0.15 0.02
MgO 16.53 0.90 15.87 - 16.04 0.47 16.13 1.49 16.93 2.12 16.41 0.22
CaO 20.78 0.55 22.15 - 21.95 1.02 21.34 2.12 21.29 3.03 21.65 0.62
Na20 0.58 0.01 0.64 - 0.61 0.08 0.52 0.09 0.49 0.07 0.49 0.04
K20 0.01 0.02 0.00 - 0.00 0.01 0.01 0.01 0.01 0.02 0.00 0.00
Total 99.89 1.14 99.73 - 100.20 0.99 99.88 0.72 99.91 0.67 99.84 1.30




core (n=3) rim (n=3) neo (n=4) core (n=4) rim (n=3) neo (n=3)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
Si02 51.01 0.65 51.38 0.23 51.27 0.43 50.71 0.79 51.22 0.78 51.74 0.63
Ti02 0.58 0.05 0.62 0.08 0.57 0.08 0.52 0.04 0.59 0.06 0.59 0.09
Cr203 1.12 0.29 1.19 0.17 1.16 0.06 1.05 0.16 1.15 0.26 1.27 0.34
A1203 4.82 0.76 3.74 0.37 3.80 0.33 5.74 1.06 4.04 1.01 3.73 0.62
FeO(tot) 3.47 0.40 3.05 0.32 3.21 0.11 3.79 0.33 3.32 0.54 3.31 0.52
MnO 0.11 0.02 0.09 0.04 0.09 0.03 0.12 0.02 0.10 0.02 0.10 0.02
MgO 17.23 1.06 16.27 0.16 16.94 0.29 16.47 1.36 16.41 1.38 16.66 0.41
CaO 20.40 1.91 22.64 0.61 21.52 0.15 20.72 1.19 21.92 1.59 21.75 1.24
Na20 0.45 0.05 0.41 0.08 0.40 0.06 0.51 0.08 0.51 0.03 0.48 0.08
K20 0.00 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.00
Total 99.19 0.44 99.40 0.34 98.96 0.32 99.61 1.13 99.26 1.12 99.64 0.57
Mg-no. 0.90 0.00 0.90 0.01 0.90 0.00 0.89 0.00 0.90 0.01 0.90 0.01
Sample: Mus-06-21 Arp-06-02
core (n=5) rim (n=4) neo (n=3) core (n=5) rim (n=2) neo (n=3)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
SiO2 51.22 0.31 51.24 1.02 51.22 1.30 51.02 0.63 51.68 - 51.41 0.25
Ti02 0.10 0.02 0.12 0.02 0.10 0.01 0.48 0.10 0.48 - 0.51 0.02
Cr203 1.48 0.14 1.40 0.12 1.34 0.43 1.04 0.12 1.13 - 1.13 0.15
A1203 5.17 0.20 5.04 0.29 5.11 0.79 5.69 1.30 4.37 - 4.46 0.62
FeO(tot) 3.17 0.33 2.94 0.34 2.84 0.26 3.95 0.50 3.61 - 3.56 0.21
MnO 0.10 0.02 0.09 0.03 0.08 0.01 0.11 0.02 0.12 - 0.12 0.02
MgO 17.36 1.41 17.01 1.66 16.35 1.14 17.46 1.31 17.35 - 16.87 0.59
CaO 20.04 1.20 21.10 2.32 21.97 0.97 20.21 2.37 21.26 - 21.43 0.63
Na20 0.54 0.06 0.51 0.10 0.56 0.07 0.34 0.08 0.35 - 0.42 0.04
K20 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.00 - 0.00 0.01
Total 99.19 1.18 99.46 1.35 99.56 1.19 100.32 0.67 100.32 - 99.91 0.86
Mg-no. 0.91 0.00 0.91 0.00 0.91 0.00 0.89 0.01 0.90 - 0.89 0.00
Sample: Arp-06-03 LZ-10-26
core (n=4) rim (n=3) neo (n=3) core (n=4) rim (n=3) neo (n=3)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2a
Si02 50.76 0.54 50.84 0.57 50.94 1.46 50.96 1.36 51.91 1.59 51.81 1.43
Ti02 0.46 0.02 0.49 0.09 0.56 0.24 0.39 0.03 0.41 0.06 0.38 0.01
Cr203 1.20 0.15 1.37 0.13 1.26 0.27 1.00 0.38 1.11 0.33 1.22 0.34
A1203 5.40 0.40 4.68 0.03 4.17 1.78 5.47 2.42 4.15 1.28 3.98 0.85
FeO(tot) 3.63 0.19 3.43 0.30 3.39 0.51 3.44 0.16 3.08 0.42 3.23 0.39
MnO 0.12 0.02 0.10 0.01 0.13 0.07 0.12 0.03 0.11 0.05 0.10 0.02
MgO 16.92 0.51 17.19 1.70 16.88 0.53 17.22 1.19 16.97 0.42 17.26 0.75
CaO 20.51 1.20 20.74 2.65 21.33 2.25 20.87 0.35 22.16 2.07 21.43 0.55
Na20 0.00 0.01 0.01 0.02 0.01 0.02 0.32 0.02 0.33 0.04 0.37 0.03
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
Total 99.40 0.81 99.25 0.35 99.03 1.75 99.79 1.23 100.22 1.73 99.77 2.18
Mg-no. 0.89 0.00 0.90 0.00 0.90 0.01 0.90 0.01 0.91 0.01 0.91 0.01
Mg-no. in mol%
Table B-2: Trace element concentrations (ppm) in clinopyroxene
Sample: LZ-10-01 LZ-10-04
core (n=3) rim (n=2) neo (n=4) core (n=5) rim (n=2) neo (n=3)
Avg 2o Avg 2o Avg 2a Avg 2a Avg 2o Avg 2o
Sc 140.37 44.46 163.62 - 155.99 14.97 179.46 62.53 183.73 - 182.84 15.05
V 535.99 186.95 630.69 - 603.30 44.09 497.94 210.42 583.98 - 547.31 74.41
Ni 287.69 50.18 290.39 - 276.31 24.32 286.27 48.68 271.23 - 275.61 39.55
Zn 7.87 1.55 5.93 - 7.40 2.34 7.93 1.87 7.27 - 7.09 1.09
Sr 6.40 0.55 5.45 - 6.20 3.96 3.73 1.05 3.97 - 3.19 1.34
Y 74.66 15.53 81.39 - 73.96 13.44 53.25 15.52 55.44 - 54.39 17.12
Zr 86.04 39.79 97.63 - 86.42 16.26 36.12 13.45 39.65 - 38.02 17.08
Nb 0.57 0.38 0.39 - 0.30 0.22 0.44 0.32 0.31 - 0.28 0.17
Ba 0.09 0.04 0.13 - 0.34 0.83 0.07 0.19 0.62 - 0.09 0.20
La 0.65 0.16 0.62 - 0.57 0.13 0.59 0.14 0.57 - 0.53 0.11
Ce 4.07 0.74 4.22 - 3.90 0.71 3.20 0.83 3.23 - 3.01 0.74
Pr 1.02 0.10 1.13 - 1.04 0.18 0.70 0.19 0.73 - 0.69 0.20
Nd 7.80 1.19 8.63 - 8.12 1.22 4.80 1.37 5.14 - 4.90 1.49
Sm 4.38 1.26 4.96 - 4.58 0.57 2.35 0.69 2.52 - 2.43 0.68
Eu 1.29 0.17 1.39 - 1.29 0.13 0.78 0.17 0.80 - 0.77 0.21
Gd 8.22 2.72 9.62 - 8.77 1.18 4.43 1.30 4.80 - 4.71 1.25
Tb 1.59 0.48 1.87 - 1.70 0.23 0.95 0.27 1.01 - 0.99 0.27
Dy 12.72 3.58 14.35 - 13.17 2.01 8.10 2.32 8.58 - 8.41 2.39
Ho 2.86 0.78 3.20 - 2.88 0.46 1.99 0.57 2.10 - 2.04 0.62
Er 8.51 1.58 9.34 - 8.59 1.41 6.54 1.86 6.73 - 6.55 1.98
Tm 1.23 0.13 1.31 - 1.21 0.26 1.05 0.30 1.06 - 1.02 0.33
Yb 8.15 0.50 8.60 - 7.95 1.64 7.66 2.24 7.64 - 7.33 2.08
Lu 1.16 0.08 1.22 - 1.12 0.21 1.17 0.35 1.15 - 1.10 0.32
Hf 2.75 1.73 3.47 - 3.06 0.31 1.22 0.76 1.54 - 1.44 0.34
Ta 0.059 0.009 0.053 - 0.042 0.021 0.033 0.019 0.031 - 0.026 0.022
Pb 0.011 0.005 0.011 - 0.032 0.058 0.008 0.010 0.033 - 0.010 0.009
Th 0.047 0.038 0.030 - 0.024 0.014 0.035 0.025 0.027 - 0.026 0.014
U 0.014 0.012 0.009 - 0.008 0.005 0.016 0.010 0.013 - 0.011 0.005
Sample: LZ-10-06 Cas-06-01
core (n=4) rim (n=4) neo (n=4) core (n=4) rim (n=1) neo (n=5)
Avg 2a Avg 2o Avg 2o Avg 2a Avg 2a Avg 2o
Sc 233.45 57.73 274.14 46.90 280.45 45.19 101.93 32.20 112.59 - 95.16 13.22
V 671.52 200.30 783.78 151.46 795.16 56.09 365.74 75.26 370.32 - 342.26 51.16
Ni 268.47 30.60 267.01 55.84 260.09 41.60 351.26 39.63 315.18 - 331.43 34.70
Zn 9.06 2.82 7.19 0.21 7.33 0.73 9.37 0.74 7.07 - 9.61 1.40
Sr 5.19 4.22 5.56 1.93 4.74 1.74 3.76 0.63 4.33 - 38.64 93.41
Y 79.09 21.52 80.25 12.58 68.09 9.21 32.28 3.75 33.34 - 28.27 4.93
Zr 55.56 16.67 58.95 14.01 48.18 5.40 40.74 9.41 42.11 - 36.73 8.42
Nb 0.59 0.34 0.40 0.14 0.26 0.09 0.02 0.01 0.02 - 0.02 0.01
Ba 0.22 0.25 0.40 0.93 0.37 0.96 0.35 0.86 0.13 - 1.41 3.40
La 0.58 0.11 0.54 0.07 0.46 0.06 0.47 0.09 0.42 - 0.43 0.07
Ce 3.42 0.75 3.27 0.40 2.98 0.38 3.46 0.41 3.07 - 3.07 0.52
Pr 0.81 0.17 0.80 0.10 0.74 0.09 0.83 0.09 0.78 - 0.75 0.12
Nd 5.70 1.29 5.86 0.83 5.37 0.40 5.92 0.71 5.59 - 5.34 0.76
Sm 3.01 0.71 3.17 0.57 2.87 0.16 2.82 0.22 2.76 - 2.44 0.29
Eu 0.82 0.11 0.81 0.08 0.72 0.06 0.95 0.11 0.90 - 0.88 0.12
Gd 6.15 1.69 6.55 1.32 5.74 0.76 4.43 0.28 4.51 - 3.98 0.52
Tb 1.35 0.38 1.43 0.28 1.27 0.15 0.81 0.07 0.84 - 0.73 0.12
Dy 11.92 3.02 12.39 2.25 10.80 1.82 5.96 0.60 6.12 - 5.35 0.82
Ho 2.90 0.78 3.05 0.51 2.64 0.42 1.25 0.18 1.29 - 1.09 0.20
Er 9.43 2.41 9.79 1.32 8.25 1.26 3.48 0.55 3.58 - 3.10 0.48
Tm 1.49 0.37 1.50 0.20 1.25 0.22 0.49 0.10 0.49 - 0.42 0.09
Yb 10.51 2.34 10.48 1.22 8.71 1.49 3.13 0.66 3.10 - 2.72 0.51
Lu 1.56 0.38 1.55 0.17 1.26 0.25 0.42 0.08 0.42 - 0.37 0.08
Hf 1.85 0.95 2.37 0.75 2.10 0.21 1.31 0.46 1.39 - 1.19 0.27
Ta 0.059 0.021 0.048 0.015 0.033 0.005 0.008 0.004 0.007 - 0.007 0.002
Pb 0.015 0.012 0.031 0.046 0.028 0.048 0.011 0.014 0.011 - 0.006 0.007
Th 0.044 0.025 0.029 0.013 0.018 0.008 0.003 0.005 0.002 - 0.002 0.001
U 0.019 0.013 0.013 0.004 0.008 0.001 0.001 0.001 0.001 - 0.001 0.000
- below detection limit of LA-ICPMS
Table B-2: Continued
Sample: Cas-06-05 Cas-06-09
core (n=6) rim (n=3) neo (n=2) core (n=2) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
Sc 123.65 64.34 126.25 21.66 141.15 0.42 118.99 - 117.63 20.88
V 423.91 171.49 465.48 16.98 450.94 52.70 414.31 - 413.84 72.16
Ni 335.94 57.99 378.47 121.42 321.02 66.96 339.60 - 338.04 45.23
Zn 8.32 3.79 7.56 3.35 7.47 1.26 10.70 - 10.78 3.99
Sr 3.38 3.14 2.52 0.11 3.33 0.84 2.92 - 3.25 3.31
Y 25.15 10.64 24.77 9.23 25.52 1.00 32.52 - 32.77 7.20
Zr 42.07 22.06 41.56 10.41 40.54 9.69 33.33 - 36.79 16.34
Nb 0.24 0.19 0.20 0.07 0.15 0.09 0.03 - 0.02 0.01
Ba 0.09 0.15 0.07 0.09 0.03 0.01 0.01 - 0.02 0.03
La 0.47 0.10 0.39 0.10 0.38 0.13 0.28 - 0.24 0.10
Ce 3.26 0.55 2.95 0.71 2.69 0.49 2.07 - 2.00 0.71
Pr 0.79 0.15 0.75 0.18 0.67 0.07 0.55 - 0.56 0.18
Nd 5.17 1.24 5.18 1.25 4.66 0.05 4.14 - 4.21 1.30
Sm 2.40 0.91 2.39 0.75 2.33 0.08 2.11 - 2.22 0.72
Eu 0.71 0.13 0.67 0.17 0.59 0.10 0.70 - 0.71 0.18
Gd 3.25 1.29 3.34 0.74 3.22 0.03 3.90 - 4.03 1.29
Tb 0.59 0.25 0.59 0.15 0.59 0.01 0.75 - 0.77 0.22
Dy 4.46 1.95 4.39 1.39 4.41 0.03 5.74 - 5.83 1.48
Ho 0.92 0.37 0.91 0.26 0.90 0.03 1.25 - 1.27 0.29
Er 2.50 1.00 2.42 0.73 2.41 0.04 3.59 - 3.60 0.72
Tm 0.35 0.13 0.34 0.08 0.32 0.05 0.51 - 0.51 0.08
Yb 2.24 0.82 2.15 0.57 2.08 0.19 3.32 - 3.34 0.45
Lu 0.31 0.11 0.30 0.06 0.28 0.04 0.47 - 0.47 0.07
Hf 1.06 0.97 1.05 0.30 1.25 0.37 1.17 - 1.24 0.52
Ta 0.034 0.019 0.031 0.013 0.023 0.012 0.012 - 0.012 0.010
Pb 0.009 0.009 0.012 0.002 0.008 0.005 0.002 - 0.003 0.001
Th 0.024 0.024 0.018 0.007 0.016 0.014 0.006 - 0.003 0.002
U 0.010 0.009 0.007 0.002 0.006 0.005 0.001 - 0.001 0.000
Sample: Cas-06-10 LZ-10-07
core (n=3) rim (n=1) neo (n=3) core (n=4) rim (n=3) neo (n=3)
Avg 2o Avg 2o Avg 2a Avg 2a Avg 2o Avg 2a
Sc 96.29 115.19 75.41 - 133.77 144.68 65.37 6.35 70.82 17.39 79.82 17.88
V 415.21 272.90 384.11 - 506.88 285.36 355.94 25.28 364.30 51.92 391.79 46.14
Ni 340.97 57.63 334.64 - 322.63 16.78 381.82 37.07 382.93 22.30 340.66 58.27
Zn 10.65 5.29 10.97 - 9.43 1.75 13.40 1.65 13.23 1.07 12.27 4.31
Sr 2.56 1.08 3.63 - 2.76 2.89 2.43 0.35 2.23 0.34 2.04 0.39
Y 28.45 23.66 22.07 - 32.06 34.27 28.84 5.60 27.47 7.85 30.53 6.08
Zr 19.21 4.73 19.16 - 23.21 8.96 35.42 10.57 34.14 11.55 43.75 22.22
Nb 0.08 0.04 0.06 - 0.05 0.02 0.00 0.00 0.01 0.00 0.00 0.00
Ba 0.06 0.18 0.39 - 0.33 0.67 0.00 1.01 1.73 0.15 0.27
La 0.33 0.19 0.34 - 0.28 0.11 0.26 0.05 0.23 0.09 0.21 0.05
Ce 1.98 0.68 2.14 - 1.86 0.39 2.79 0.60 2.55 0.89 2.40 0.36
Pr 0.48 0.09 0.51 - 0.47 0.06 0.79 0.18 0.73 0.24 0.73 0.09
Nd 3.42 0.07 3.55 - 3.48 0.20 5.78 1.28 5.67 1.73 5.55 0.71
Sm 1.79 0.44 1.83 - 1.90 0.72 2.62 0.57 2.55 0.39 2.78 0.53
Eu 0.69 0.05 0.70 - 0.67 0.12 0.90 0.18 0.83 0.26 0.87 0.08
Gd 3.24 1.92 2.98 - 3.51 2.28 4.02 0.73 4.17 0.93 4.60 0.91
Tb 0.64 0.47 0.55 - 0.70 0.57 0.73 0.14 0.73 0.24 0.83 0.21
Dy 5.06 4.21 4.18 - 5.43 5.27 5.28 1.10 5.27 1.67 5.93 1.39
Ho 1.14 1.01 0.92 - 1.22 1.23 1.15 0.23 1.12 0.34 1.22 0.28
Er 3.35 3.02 2.58 - 3.55 3.70 3.24 0.68 3.04 0.98 3.37 0.55
Tm 0.51 0.45 0.38 - 0.52 0.52 0.45 0.10 0.42 0.13 0.46 0.07
Yb 3.46 2.87 2.57 - 3.42 3.45 2.92 0.58 2.68 0.75 2.92 0.41
Lu 0.49 0.39 0.37 - 0.48 0.49 0.40 0.07 0.38 0.15 0.39 0.04
Hf 0.73 0.54 0.78 - 1.02 0.53 1.36 0.31 1.43 0.46 1.86 1.00
Ta 0.027 0.008 0.025 - 0.022 0.003 0.001 0.000 0.002 0.001 0.001
Pb 0.007 0.009 0.019 - 0.008 0.008 0.005 0.004 0.043 0.071 0.010 0.007
Th 0.013 0.006 0.009 - 0.007 0.002 - - - - - -
U 0.003 0.002 0.003 - 0.002 0.002 - - 0.003 - - -
- below detection limit of LA-lCPMS
Table B-2: Continued
Sample: LZ-10-12 LZ-10-15
core (n=3) rim (n=3) neo (n=4) core (n=4) rim (n=3) neo (n=4)
Avg 2a Avg 2a Avg 2a Avg 2o Avg 2a Avg 2a
Sc 85.16 16.07 94.09 20.47 104.87 17.97 106.08 39.36 123.27 19.93 110.48 50.29
V 558.33 84.50 604.08 79.29 638.56 106.06 441.63 132.50 496.01 89.43 463.99 120.67
Ni 372.42 9.72 369.34 13.95 373.53 64.09 326.97 28.13 305.16 8.08 296.69 31.87
Zn 13.19 1.47 12.13 2.86 14.43 2.71 13.01 2.51 10.91 1.01 10.73 1.23
Sr 3.47 0.46 8.56 12.79 6.88 8.48 1.40 0.33 1.31 0.26 1.53 0.28
Y 31.71 9.21 32.69 7.25 32.82 5.13 35.05 12.38 39.76 6.42 32.04 12.12
Zr 31.36 13.87 33.79 12.21 35.36 7.94 32.49 10.97 40.57 6.52 33.38 10.16
Nb 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 1.25 0.70 1.15 0.45 3.36 2.99 0.09 0.18 0.10 0.23 0.24 0.44
La 0.32 0.01 0.30 0.04 0.27 0.02 0.21 0.03 0.21 0.03 0.20 0.05
Ce 2.37 0.43 2.32 0.11 2.05 0.17 2.24 0.23 2.32 0.06 2.21 0.68
Pr 0.60 0.16 0.60 0.08 0.56 0.08 0.66 0.09 0.72 0.03 0.65 0.21
Nd 4.47 1.39 4.60 1.13 4.39 0.71 5.02 0.91 5.65 0.42 5.11 1.70
Sm 2.30 0.81 2.38 0.75 2.37 0.55 2.77 0.80 3.15 0.55 2.75 0.92
Eu 0.80 0.17 0.81 0.14 0.75 0.10 0.89 0.13 0.91 0.04 0.87 0.20
Gd 3.95 1.40 4.17 1.32 4.29 0.89 4.81 1.86 5.63 1.13 4.58 1.54
Tb 0.74 0.25 0.78 0.22 0.81 0.15 0.89 0.31 1.02 0.19 0.84 0.26
Dy 5.65 1.88 5.84 1.45 6.11 1.09 6.65 2.55 7.51 1.52 6.09 2.15
Ho 1.21 0.34 1.25 0.27 1.30 0.25 1.37 0.52 1.54 0.25 1.26 0.51
Er 3.51 0.88 3.55 0.57 3.65 0.58 3.94 1.40 4.29 0.66 3.53 1.43
Tm 0.50 0.11 0.50 0.06 0.50 0.09 0.55 0.16 0.60 0.06 0.49 0.17
Yb 3.24 0.51 3.28 0.19 3.21 0.47 3.64 0.96 3.89 0.30 3.24 1.30
Lu 0.45 0.06 0.45 0.01 0.44 0.06 0.50 0.14 0.54 0.05 0.45 0.18
Hf 1.14 0.52 1.30 0.63 1.52 0.28 1.47 0.73 2.01 0.64 1.63 0.64
Ta 0.004 0.001 0.003 0.001 0.003 0.001 0.002 0.001 0.002 0.000 0.002 0.001
Pb 0.048 0.029 0.054 0.065 0.117 0.130 0.006 0.008 0.009 0.009 0.012 0.020
Th 0.002 0.000 0.002 0.001 0.004 0.002 0.001 0.001 0.000 0.000 0.001 0.000
U 0.002 0.001 0.002 0.002 0.004 0.003 0.001 0.000 0.000 - 0.001 0.000
Sample: LZ-10-18-1 Mus-06-19
core (n=4) rim (n=3) neo (n=4) core (n=4) rim (n=4) neo (n=4)
Avg 2o Avg 2o Avg 2a Avg 2o Avg 2a Avg 2a
Sc 32.86 8.35 33.81 0.76 47.91 19.40 64.83 8.88 72.13 10.77 81.35 10.98
V 276.76 49.50 255.92 28.80 275.26 61.21 305.84 51.33 352.64 69.32 368.70 40.75
Ni 503.86 42.83 457.83 41.36 485.13 48.30 435.75 25.38 400.38 35.86 392.05 34.63
Zn 15.38 3.79 15.58 2.07 14.20 3.16 18.62 3.05 15.17 1.28 15.50 1.26
Sr 23.87 10.51 17.46 2.37 8.60 14.09 2.04 0.30 1.77 0.13 1.95 0.21
Y 9.92 4.50 11.96 0.65 14.99 8.01 19.60 4.13 22.35 3.24 21.06 1.54
Zr 21.17 6.92 24.79 3.30 28.62 14.68 17.93 4.00 20.97 3.48 19.56 1.79
Nb 0.03 0.01 0.03 0.01 0.04 0.04 0.01 0.00 0.01 0.00 0.01 0.00
Ba 0.90 1.78 1.36 0.90 0.04 0.04 0.17 0.29 0.10 0.04 0.43 0.82
La 0.85 0.15 0.86 0.12 0.60 0.26 0.09 0.03 0.10 0.02 0.10 0.03
Ce 4.30 0.68 4.55 0.47 3.86 0.51 1.23 0.21 1.36 0.23 1.25 0.27
Pr 0.89 0.14 0.96 0.08 0.92 0.18 0.41 0.09 0.47 0.07 0.45 0.08
Nd 5.50 0.62 5.93 0.36 6.37 2.12 3.33 0.63 3.83 0.55 3.68 0.55
Sm 1.92 0.50 2.10 0.17 2.41 1.12 1.65 0.25 1.93 0.25 1.87 0.24
Eu 0.66 0.13 0.75 0.06 0.79 0.19 0.61 0.11 0.69 0.08 0.67 0.08
Gd 2.14 0.54 2.33 0.32 3.01 1.43 2.61 0.48 3.08 0.43 2.92 0.10
Tb 0.32 0.10 0.37 0.03 0.46 0.23 0.47 0.12 0.56 0.07 0.54 0.05
Dy 2.02 0.74 2.18 0.16 2.97 1.53 3.54 0.67 4.08 0.58 3.87 0.21
Ho 0.37 0.15 0.39 0.04 0.56 0.30 0.76 0.16 0.86 0.11 0.83 0.06
Er 0.98 0.43 1.06 0.10 1.48 0.78 2.20 0.57 2.43 0.35 2.33 0.22
Tm 0.13 0.06 0.14 0.01 0.21 0.10 0.31 0.08 0.34 0.05 0.32 0.04
Yb 0.82 0.41 0.87 0.09 1.26 0.58 2.08 0.49 2.24 0.34 2.15 0.22
Lu 0.11 0.06 0.12 0.01 0.17 0.07 0.29 0.05 0.31 0.04 0.29 0.05
Hf 0.77 0.23 0.91 0.08 0.90 0.54 0.77 0.14 0.91 0.15 0.92 0.14
Ta 0.006 0.002 0.006 0.000 0.008 0.007 0.000 0.000 0.000 0.000 0.001 0.000
Pb 0.029 0.054 0.061 0.047 0.007 0.005 0.007 0.015 0.004 0.002 0.013 0.021
Th 0.004 0.001 0.004 0.002 0.003 0.002 0.000 0.000 0.000 0.000 0.001 0.001
U 0.002 0.002 0.003 0.002 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001
- below detection limit of LA-ICPMS
Table B-2: Continued
Sample: Mus-06-21 Arp-06-02
core (n=5) rim (n=4) neo (n=3) core (n=4) rim (n=3) neo (n=2)
Avg 2o Avg 2o Avg 2y Avg 2o Avg 2o Avg 2o
Sc 47.51 2.90 49.33 6.83 53.07 4.46 59.79 3.65 61.74 1.62 63.62 -
V 183.77 8.06 186.58 27.47 199.34 10.17 313.71 35.85 339.57 32.83 319.80 -
Ni 485.13 38.32 441.49 55.94 433.26 66.64 454.52 81.92 416.34 44.28 397.98 -
Zn 14.63 1.85 12.63 3.14 10.64 1.16 16.93 5.89 14.93 2.22 14.36 -
Sr 51.91 4.00 54.46 12.86 57.92 3.96 1.56 0.36 1.50 0.44 1.81 -
Y 4.18 0.13 4.30 0.89 4.49 0.36 19.54 2.77 19.74 4.44 20.33 -
Zr 3.59 0.26 3.82 0.81 4.08 0.38 11.65 3.13 11.74 5.65 12.31 -
Nb 0.03 0.00 0.03 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 -
Ba 0.22 0.28 0.46 0.65 0.38 0.56 0.15 0.36 0.28 0.30 0.98 -
La 0.43 0.03 0.45 0.12 0.46 0.07 0.04 0.01 0.04 0.01 0.04 -
Ce 1.43 0.08 1.48 0.36 1.58 0.26 0.68 0.17 0.68 0.19 0.70 -
Pr 0.24 0.01 0.25 0.06 0.27 0.04 0.28 0.07 0.29 0.08 0.28 -
Nd 1.38 0.05 1.44 0.32 1.55 0.20 2.62 0.79 2.68 0.82 2.76 -
Sm 0.44 0.03 0.46 0.08 0.48 0.06 1.57 0.45 1.63 0.52 1.68 -
Eu 0.18 0.01 0.19 0.05 0.20 0.02 0.60 0.14 0.63 0.20 0.60 -
Gd 0.57 0.04 0.61 0.14 0.65 0.04 2.74 0.66 2.84 0.90 2.93 -
Tb 0.10 0.01 0.11 0.02 0.11 0.01 0.49 0.10 0.50 0.15 0.51 -
Dy 0.76 0.07 0.78 0.17 0.83 0.07 3.68 0.68 3.69 0.97 3.74 -
Ho 0.17 0.02 0.17 0.04 0.18 0.01 0.76 0.09 0.76 0.17 0.79 -
Er 0.48 0.03 0.50 0.09 0.51 0.06 2.13 0.23 2.15 0.58 2.18 -
Tm 0.07 0.00 0.07 0.01 0.07 0.01 0.30 0.03 0.29 0.06 0.30 -
Yb 0.47 0.03 0.46 0.09 0.49 0.04 1.90 0.06 1.89 0.35 1.87 -
Lu 0.07 0.00 0.07 0.02 0.07 0.01 0.26 0.03 0.25 0.05 0.26 -
Hf 0.10 0.03 0.11 0.03 0.13 0.01 0.65 0.22 0.69 0.26 0.70 -
Ta 0.009 0.003 0.009 0.002 0.009 0.003 0.000 - 0.000 - 0.000 -
Pb 0.008 0.002 0.012 0.013 0.011 0.010 0.003 0.005 0.009 0.006 0.007 -
Th 0.006 0.001 0.005 0.002 0.005 0.001 0.000 - 0.001 0.000 - -
U 0.001 0.001 0.001 0.000 0.001 0.001 0.000 - 0.001 0.000 - -
Sample: Arp-06-03 LZ-10-26
core (n=4) rim (n=3) neo (n=3) core (n=3) rim (n=3) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2a Avg 2a
Sc 60.48 3.16 67.29 6.14 71.18 17.15 69.27 8.73 77.64 8.69 79.66 3.47
V 303.81 50.50 353.30 66.71 341.19 21.40 342.91 78.03 390.60 29.83 391.75 29.23
Ni 460.73 125.21 422.52 63.51 382.04 78.84 441.63 68.53 422.53 6.29 488.17 254.35
Zn 18.95 2.13 16.46 0.94 15.06 3.31 14.66 4.04 12.68 1.72 13.70 2.21
Sr 1.06 0.29 1.14 0.18 1.06 0.13 0.95 0.93 0.69 0.05 0.71 0.15
Y 21.42 2.90 24.93 4.37 23.31 3.33 17.96 0.50 18.92 3.15 18.78 4.14
Zr 15.29 1.26 19.46 3.18 18.97 2.70 8.51 0.84 9.43 1.25 9.05 2.83
Nb 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.06 0.08 0.31 0.54 0.07 0.10 0.11 0.30 0.18 0.42 0.31 0.43
La 0.07 0.01 0.07 0.01 0.07 0.01 0.03 0.00 0.03 0.00 0.03 0.01
Ce 1.06 0.13 1.24 0.16 1.14 0.25 0.48 0.01 0.48 0.08 0.47 0.06
Pr 0.40 0.04 0.47 0.11 0.46 0.06 0.20 0.01 0.21 0.04 0.20 0.03
Nd 3.46 0.12 4.22 0.72 4.20 0.39 1.95 0.17 2.05 0.35 2.03 0.40
Sm 1.88 0.26 2.43 0.69 2.21 0.37 1.21 0.15 1.34 0.19 1.33 0.27
Eu 0.63 0.03 0.70 0.10 0.72 0.09 0.46 0.01 0.47 0.08 0.45 0.07
Gd 3.03 0.22 3.88 0.62 3.55 0.59 2.22 0.35 2.45 0.50 2.47 0.62
Tb 0.55 0.05 0.65 0.12 0.64 0.04 0.43 0.05 0.46 0.08 0.46 0.13
Dy 3.98 0.14 4.73 0.60 4.61 0.41 3.25 0.32 3.47 0.60 3.46 0.95
Ho 0.82 0.08 0.96 0.17 0.91 0.15 0.71 0.04 0.75 0.12 0.74 0.17
Er 2.28 0.09 2.54 0.32 2.54 0.18 2.03 0.08 2.12 0.33 2.07 0.54
Tm 0.32 0.03 0.35 0.04 0.33 0.06 0.29 0.02 0.29 0.06 0.28 0.07
Yb 2.02 0.16 2.09 0.36 2.11 0.20 1.89 0.12 1.85 0.35 1.79 0.42
Lu 0.27 0.01 0.28 0.03 0.28 0.04 0.26 0.01 0.25 0.07 0.25 0.06
Hf 0.77 0.04 1.04 0.05 1.08 0.32 0.49 0.12 0.59 0.04 0.60 0.21
Ta 0.001 0.000 0.001 0.000 0.001 0.000 0.000 - - - 0.000 -
Pb 0.008 0.011 0.031 0.030 0.006 0.002 0.005 0.012 0.006 0.012 0.013 0.019
Th - - 0.002 0.000 0.001 - - - 0.000 - 0.000 0.000
U 0.000 - 0.002 0.002 - - 0.000 - 0.000 - 0.001 0.000
- below detection limit of LA-ICPMS
Table B-3: Major element concentrations (wt%) in orthopyroxene from Lanzo pyroxenites
Sample: LZ-10-01 LZ-10-04
core (n=4) rim (n=4) neo (n=4) core (n=6) rim (n=2) neo (n=3)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
Si02 55.34 0.75 55.67 0.72 55.46 1.69 55.23 1.15 55.58 - 55.58 0.36
Ti02 0.42 0.06 0.44 0.08 0.39 0.08 0.27 0.08 0.28 - 0.25 0.04
Cr203 0.32 0.05 0.29 0.05 0.25 0.14 0.25 0.09 0.30 - 0.23 0.01
A1203 3.16 0.59 2.47 0.63 2.59 1.62 2.65 0.69 1.94 - 2.31 0.25
FeO(tot) 6.50 0.23 6.46 0.33 6.81 0.45 6.76 0.22 6.92 - 6.96 0.36
MnO 0.20 0.04 0.20 0.05 0.22 0.04 0.22 0.05 0.24 - 0.21 0.01
MgO 32.51 0.27 32.11 1.23 32.31 2.43 32.41 0.30 32.97 - 32.81 0.62
CaO 1.45 0.14 1.41 0.88 1.27 1.21 1.26 0.37 0.72 - 0.95 0.76
Na20 0.04 0.06 0.45 0.54 0.21 0.74 0.03 0.04 0.02 - 0.04 0.03
K20 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 - 0.00 0.00
Total 99.92 0.57 99.50 0.71 99.50 0.67 99.09 1.19 98.96 - 99.34 0.51
Mg-no. 0.90 0.00 0.90 0.00 0.89 0.01 0.90 0.00 0.89 - 0.89 0.00
Sample: LZ-10-06 Cas-06-01
core (n=1) rim (n=1) neo (n=5) core (n=3) rim (n=3) neo (n=4)
Avg 20 Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
Si02 55.53 - 56.05 - 55.39 2.51 54.97 0.99 55.96 0.41 55.50 0.88
TiO2 0.35 - 0.32 - 0.32 0.18 0.28 0.10 0.26 0.07 0.24 0.08
Cr203 0.27 - 0.29 - 0.25 0.16 0.53 0.01 0.45 0.06 0.49 0.17
A1203 2.40 - 2.84 - 2.95 3.80 3.36 0.50 2.18 0.32 2.70 0.68
FeO(tot) 6.98 - 7.09 - 7.36 0.41 7.10 0.17 7.14 0.19 7.29 0.14
MnO 0.23 - 0.24 - 0.26 0.05 0.17 0.03 0.19 0.04 0.19 0.04
MgO 33.01 - 31.23 - 32.82 2.05 32.82 0.66 33.57 0.39 32.91 0.65
CaO 1.30 - 1.89 - 0.77 0.35 1.09 0.81 0.67 0.21 0.84 0.22
Na20 0.03 - 0.58 - 0.01 0.02 0.02 0.03 0.01 0.05 0.02 0.04
K20 0.00 - 0.01 - 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00
Total 100.11 - 100.54 - 100.13 1.15 100.34 0.62 100.45 0.44 100.18 0.55
Mg-no. 0.89 - 0.89 - 0.89 0.01 0.89 0.00 0.89 0.00 0.89 0.00
Sample: Cas-06-05 Cas-06-09
core (n=3) rim (n=2) neo (n=5) core (n=2) rim (n=1) neo (n=7)
Avg 2a Avg 2a Avg 2o Avg 2o Avg 2o Avg 2o
Si02 54.76 0.40 55.77 - 56.00 0.41 55.37 - 56.09 - 55.37 1.23
Ti02 0.21 0.02 0.21 - 0.19 0.05 0.27 - 0.24 - 0.23 0.05
Cr203 0.53 0.07 0.46 - 0.45 0.33 0.27 - 0.33 - 0.33 0.23
A1203 3.59 0.67 2.47 - 2.18 0.94 2.76 - 2.81 - 2.67 1.01
FeO(tot) 6.85 0.17 6.92 - 6.94 0.31 7.19 - 7.48 - 7.05 0.41
MnO 0.21 0.01 0.22 - 0.21 0.06 0.20 - 0.25 - 0.19 0.05
MgO 32.11 0.14 33.19 - 33.35 0.43 32.17 - 32.69 - 32.43 1.16
CaO 1.39 0.54 0.84 - 0.71 0.23 1.40 - 0.86 - 1.00 0.94
Na20 0.03 0.06 0.00 - 0.04 0.08 0.05 - 0.02 - 0.12 0.20
K20 0.00 0.00 0.00 - 0.00 0.01 0.00 - 0.00 - 0.01 0.03
Total 99.66 0.42 100.07 - 100.06 0.59 99.68 - 100.77 - 99.41 0.60
Mg-no. 0.89 0.00 0.90 - 0.90 0.00 0.89 - 0.89 - 0.89 0.01
Sample: Cas-06-09-2 Cas-06-10
core (n=3) rim (n=2) neo (n=4) core (n=3) rim (n=1) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
Si02 55.03 0.70 55.23 - 55.80 0.91 54.73 2.76 55.80 - 55.47 1.42
Ti02 0.25 0.03 0.22 - 0.25 0.04 0.24 0.02 0.22 - 0.22 0.10
Cr203 0.37 0.06 0.32 - 0.38 0.14 0.35 0.28 0.25 - 0.41 0.15
A1203 3.11 1.00 2.02 - 2.21 0.48 3.27 2.03 2.10 - 2.39 0.81
FeO(tot) 7.22 0.09 7.28 - 7.47 0.29 6.93 0.23 7.38 - 7.13 0.38
MnO 0.19 0.02 0.20 - 0.21 0.04 0.20 0.07 0.23 - 0.19 0.06
MgO 32.26 0.20 33.15 - 32.93 0.48 32.25 1.25 33.17 - 33.19 0.88
CaO 1.38 0.08 0.56 - 0.69 0.36 1.26 0.79 0.71 - 0.68 0.18
Na20 0.03 0.05 0.01 - 0.01 0.03 0.12 0.13 0.05 - 0.09 0.20
K20 0.00 0.00 0.00 - 0.00 0.01 0.01 0.00 0.00 - 0.02 0.03
Total 99.83 0.10 99.42 - 99.96 0.32 99.37 1.96 99.91 - 99.77 1.01




core (n=4) rim (n=2) neo (n=3) core (n=3) rim (n=3) neo (n=4)
Avg 2o Avg 2o Avg 2a Avg 2o Avg 2o Avg 2o
Si02 55.23 1.66 54.91 - 55.36 1.02 55.01 0.49 55.89 0.80 55.68 1.11
Ti02 0.29 0.07 0.30 - 0.28 0.03 0.31 0.06 0.30 0.05 0.35 0.10
Cr203 0.59 0.16 0.67 - 0.57 0.36 0.18 0.02 0.17 0.05 0.22 0.16
A1203 2.94 2.12 3.05 - 2.34 1.00 2.67 0.60 2.13 0.70 2.16 0.56
FeO(tot) 7.14 0.12 6.99 - 7.17 0.20 7.96 0.08 8.20 0.35 8.50 0.87
MnO 0.14 0.06 0.13 - 0.15 0.07 0.22 0.04 0.22 0.03 0.26 0.07
MgO 32.15 1.20 32.17 - 32.50 1.27 31.33 0.57 31.90 1.35 31.77 0.97
CaO 1.34 0.51 1.27 - 0.97 0.50 1.93 0.20 1.21 0.99 1.05 0.84
Na20 0.03 0.05 0.06 - 0.02 0.06 0.01 0.03 0.03 0.05 0.02 0.03
K20 0.00 0.00 0.01 - 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01
Total 99.84 0.38 99.55 - 99.36 1.48 99.62 0.37 100.06 0.28 100.00 1.36
Mg-no. 0.89 0.00 0.89 - 0.89 0.01 0.88 0.00 0.87 0.00 0.87 0.01
Sample: LZ-10-11 LZ-10-12
core (n=4) rim (n=2) neo (n=5) core (n=5) rim (n=4) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2y
Si02 55.48 0.29 55.79 - 55.37 0.34 54.85 0.46 55.32 1.52 55.29 0.24
TiO2 0.30 0.01 0.28 - 0.31 0.07 0.34 0.07 0.34 0.08 0.35 0.03
Cr203 0.39 0.06 0.33 - 0.42 0.09 0.35 0.10 0.35 0.11 0.38 0.15
A1203 2.57 0.43 2.33 - 2.29 0.27 2.86 0.46 2.13 0.18 2.52 0.41
FeO(tot) 7.12 0.40 7.17 - 7.13 0.29 7.05 0.33 7.33 0.37 7.20 0.34
MnO 0.17 0.03 0.18 - 0.18 0.02 0.19 0.05 0.19 0.03 0.18 0.04
MgO 31.86 0.75 32.10 - 32.35 0.37 32.29 0.63 33.07 1.47 32.55 0.59
CaO 1.47 0.66 1.24 - 1.25 0.67 1.44 0.28 0.99 1.05 1.11 0.29
Na20 0.04 0.03 0.02 - 0.02 0.04 0.05 0.05 0.03 0.05 0.01 0.02
K20 0.01 0.02 0.00 - 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00
Total 99.40 0.98 99.42 - 99.31 0.35 99.42 0.81 99.73 1.05 99.58 0.76
Mg-no. 0.89 0.00 0.89 - 0.89 0.00 0.89 0.00 0.89 0.00 0.89 0.01
Sample: LZ-10-15 LZ-10-18-1
core (n=3) rim (n=2) neo (n=4) core (n=4) rim (n=4) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2a Avg 2a
Si02 54.53 0.39 55.03 - 54.69 0.77 54.88 1.43 55.17 1.52 55.34 0.91
Ti02 0.37 0.18 0.33 - 0.40 0.13 0.16 0.03 0.16 0.05 0.18 0.08
Cr203 0.22 0.08 0.18 - 0.24 0.11 0.34 0.18 0.38 0.22 0.36 0.06
A1203 2.75 0.09 2.17 - 2.58 0.86 4.03 1.63 3.16 1.22 2.95 1.03
FeO(tot) 9.10 0.39 9.40 - 9.27 0.20 6.57 0.18 6.66 0.26 6.98 0.74
MnO 0.20 0.03 0.26 - 0.23 0.04 0.14 0.01 0.14 0.02 0.15 0.06
MgO 30.71 1.05 31.64 - 31.21 0.59 32.13 0.68 32.83 1.02 32.29 0.86
CaO 1.82 1.25 0.78 - 1.15 0.23 1.54 0.31 1.15 0.62 1.27 0.96
Na20 0.05 0.03 0.02 - 0.02 0.03 0.06 0.06 0.02 0.02 0.02 0.05
K20 0.00 0.00 0.00 - 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01
Total 99.75 0.90 99.80 - 99.78 1.16 99.85 0.92 99.67 1.03 99.55 0.75
Mg-no. 0.86 0.00 0.86 - 0.86 0.00 0.90 0.00 0.90 0.00 0.89 0.01
Sample: LZ-10-18-2 LZ-10-20
core (n=3) rim (n=3) neo (n=4) core (n=3) rim (n=3) neo (n=4)
Avg 2o Avg 2a Avg 2o Avg 2o Avg 2o Avg 2o
Si02 54.25 1.17 55.19 1.33 55.49 0.38 55.29 0.65 55.25 0.69 55.69 0.32
Ti02 0.27 0.14 0.31 0.07 0.31 0.10 0.35 0.12 0.37 0.08 0.38 0.13
Cr203 0.63 0.10 0.65 0.07 0.66 0.05 0.23 0.02 0.24 0.05 0.22 0.03
A1203 4.71 2.05 3.30 0.91 2.77 0.39 2.85 0.28 2.32 0.42 2.07 0.52
FeO(tot) 6.73 0.19 6.82 0.06 6.84 0.24 8.18 0.10 8.35 0.24 8.42 0.26
MnO 0.16 0.05 0.16 0.05 0.16 0.05 0.24 0.02 0.25 0.05 0.26 0.07
MgO 31.63 0.49 32.37 0.50 32.64 0.32 31.55 0.37 31.80 0.54 32.10 0.43
CaO 1.65 0.46 1.33 0.10 1.05 0.34 1.63 0.28 1.16 0.43 1.22 0.14
Na20 0.06 0.06 0.02 0.02 0.04 0.02 0.02 0.03 0.06 0.11 0.03 0.06
K20 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.00 0.01
Total 100.09 0.13 100.15 1.22 99.97 0.31 100.35 0.77 99.81 1.17 100.39 0.49




core (n=4) rim (n=4) neo (n=3) neo (n=6)
Avg 2a Avg 2o Avg 2y Avg 2a
Si02 54.93 0.67 55.45 1.01 55.12 0.80 55.03 1.23
Ti02 0.23 0.04 0.22 0.06 0.22 0.05 0.22 0.04
Cr203 0.68 0.09 0.52 0.22 0.68 0.07 0.65 0.08
A1203 2.95 0.27 2.14 0.51 2.62 0.76 2.51 0.76
FeO(tot) 6.40 0.20 6.40 0.24 6.49 0.24 7.01 0.49
MnO 0.14 0.03 0.15 0.04 0.14 0.03 0.16 0.03
MgO 32.14 0.91 33.11 0.57 32.49 1.15 32.64 0.38
CaO 1.71 0.51 1.04 0.24 1.06 0.13 1.17 0.28
Na20 0.07 0.03 0.04 0.02 0.06 0.08 0.03 0.03
K20 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01
Total 99.24 0.75 99.07 0.80 98.89 0.65 99.43 0.74
Mg-no. 0.90 0.00 0.90 0.00 0.90 0.01 0.89 0.01
Sample: Mus-06-21 Arp-06-02
neo (n=6) core (n=4) rim (n=3) neo (n=3)
Avg 2a Avg 2o Avg 2o Avg 2o
Si02 54.95 0.64 54.87 0.91 55.13 0.48 54.87 2.26
TiO2 0.03 0.01 0.20 0.00 0.20 0.05 0.18 0.05
Cr203 0.71 0.32 0.72 0.10 0.70 0.15 0.62 0.28
A1203 3.85 0.76 3.65 0.88 3.12 1.01 2.83 0.40
FeO(tot) 6.10 0.34 6.71 0.14 6.80 0.21 6.89 0.27
MnO 0.13 0.05 0.14 0.05 0.16 0.01 0.16 0.03
MgO 32.45 0.93 31.90 0.81 32.24 0.74 32.65 0.75
CaO 1.25 0.70 1.93 0.54 1.60 0.70 1.36 0.81
Na20 0.05 0.09 0.05 0.08 0.02 0.06 0.02 0.06
K20 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
Total 99.52 0.75 100.16 1.10 99.97 0.85 99.58 1.54
Mg-no. 0.90 0.01 0.89 0.00 0.89 0.00 0.89 0.00
Sample: Arp-06-03 LZ-10-26
core (n=3) rim (n=1) neo (n=4) core (n=3) rim (n=3) neo (n=4)
Avg 2a Avg 2o Avg 2a Avg 2o Avg 2o Avg 2o
SiO2 54.90 1.45 55.19 - 55.70 0.55 55.07 1.50 55.71 1.33 55.54 1.84
Ti02 0.20 0.02 0.22 - 0.24 0.10 0.16 0.01 0.15 0.03 0.18 0.03
Cr203 0.81 0.05 0.84 - 0.72 0.15 0.67 0.19 0.60 0.05 0.72 0.25
Al203 2.79 0.74 3.33 - 2.50 0.48 3.46 0.61 2.49 0.69 2.53 0.72
FeO(tot) 6.41 0.24 6.47 - 6.53 0.32 6.22 0.03 6.36 0.15 6.43 0.36
MnO 0.13 0.03 0.15 - 0.13 0.01 0.14 0.04 0.14 0.02 0.14 0.02
MgO 31.88 0.76 32.21 - 32.54 0.83 32.10 0.80 33.18 1.03 33.13 1.30
CaO 1.97 0.95 1.37 - 1.28 0.20 2.25 0.46 1.30 0.32 1.28 0.61
Na20 0.15 0.25 0.10 - 0.04 0.06 0.04 0.03 0.03 0.01 0.01 0.03
K20 0.01 0.02 0.01 - 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.25 0.92 99.89 - 99.69 0.77 100.11 1.34 99.96 1.35 99.96 1.56
Mg-no. 0.90 0.00 0.90 - 0.90 0.01 0.90 0.00 0.90 0.00 0.90 0.01
Mg-no. in mol%
Table B-4: Trace element concentrations (ppm) in orthopyroxene
Sample: LZ-10-01 LZ-10-04
core (n=4) rim (n=4) neo (n=3) core (n=4) rim (n=2) neo (n=3)
Avg 2o Avg 2o Avg 2o Avg 2a Avg 2a Avg 2a
Sc 71.43 17.45 60.70 21.75 43.33 11.91 76.50 17.17 75.57 3.33 54.25 10.11
V 304.06 43.86 265.33 29.68 226.57 39.83 257.67 71.67 265.85 12.99 198.48 28.52
Ni 566.99 66.84 455.21 59.16 499.88 202.42 541.97 143.96 478.57 37.68 547.36 75.72
Zn 21.26 6.57 17.57 8.39 19.27 8.18 25.56 15.43 21.40 1.59 27.62 11.23
Sr 0.83 1.73 15.86 16.64 9.45 16.43 0.34 0.39 0.42 0.47 0.71 1.30
Y 10.62 2.78 6.85 3.19 5.23 2.53 5.74 1.73 5.28 1.04 4.47 0.93
Zr 11.19 3.23 6.45 6.13 4.14 4.39 3.37 2.06 2.99 1.17 2.22 0.99
Nb 0.02 0.00 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.00
Ba 0.24 0.62 0.40 0.28 0.66 1.04 0.18 0.65 0.96 0.37 0.15 0.24
La 0.01 0.02 0.10 0.03 0.05 0.07 0.01 0.01 0.01 0.02 0.01 0.02
Ce 0.08 0.04 0.26 0.09 0.23 0.31 0.06 0.10 0.04 0.05 0.06 0.10
Pr 0.02 0.01 0.04 0.02 0.04 0.07 0.01 0.02 0.01 0.01 0.01 0.02
Nd 0.17 0.07 0.21 0.11 0.28 0.41 0.08 0.10 0.05 0.03 0.08 0.10
Sm 0.16 0.04 0.10 0.09 0.14 0.23 0.06 0.07 0.04 0.03 0.05 0.03
Eu 0.05 0.02 0.12 0.05 0.08 0.09 0.02 0.02 0.02 0.01 0.02 0.02
Gd 0.50 0.14 0.27 0.25 0.28 0.36 0.19 0.13 0.14 0.07 0.14 0.07
Tb 0.13 0.04 0.08 0.06 0.07 0.07 0.06 0.03 0.04 0.01 0.04 0.01
Dy 1.37 0.31 0.84 0.55 0.66 0.52 0.64 0.25 0.55 0.17 0.47 0.10
Ho 0.39 0.09 0.25 0.13 0.20 0.11 0.21 0.07 0.18 0.03 0.15 0.04
Er 1.50 0.35 1.00 0.39 0.76 0.31 0.89 0.23 0.81 0.16 0.71 0.10
Tm 0.27 0.05 0.19 0.06 0.15 0.06 0.19 0.05 0.17 0.01 0.15 0.02
Yb 2.27 0.45 1.58 0.33 1.32 0.49 1.71 0.41 1.64 0.14 1.47 0.17
Lu 0.39 0.07 0.27 0.05 0.23 0.09 0.32 0.06 0.31 0.00 0.29 0.04
Hf 0.47 0.12 0.33 0.27 0.17 0.08 0.17 0.11 0.16 0.09 0.09 0.04
Ta 0.002 0.001 0.001 0.000 0.002 0.001 0.001 0.001 0.000 0.000 0.001 0.001
Pb 0.018 0.031 0.022 0.023 0.039 0.061 0.018 0.049 0.037 0.010 0.011 0.016
Th 0.003 0.004 0.002 0.003 0.004 0.008 0.003 0.003 0.002 0.001 0.003 0.003
U 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.002 0.001 0.002 0.001
Sample: LZ-10-06 Cas-06-01
core (n=1) neo (n=5) core (n=4) rim (n=4) neo (n=2)
Avg 2o Avg 2a Avg 2a Avg 2o Avg 2a
Sc 102.46 - 79.28 21.46 42.62 23.58 43.98 21.53 42.22 -
V 361.72 - 315.76 47.12 162.88 126.23 174.04 24.39 169.91 -
Ni 433.65 - 476.69 83.83 611.77 476.44 659.52 80.53 711.80 -
Zn 14.94 - 22.83 10.58 28.72 19.92 33.19 6.42 30.70 -
Sr 16.15 - 2.38 3.07 2.26 6.70 1.37 4.42 3.53 -
Y 7.67 - 5.74 1.67 3.14 1.90 3.04 1.75 3.19 -
Zr - - 3.13 1.80 3.95 2.90 3.48 2.85 3.98 -
Nb 0.02 - 0.02 0.04 0.01 0.01 0.01 0.01 0.01 -
Ba 0.67 - 1.41 3.26 0.22 0.38 0.15 0.29 0.35 -
La 0.05 - 0.03 0.04 0.01 0.01 0.01 0.01 0.01 -
Ce 0.14 - 0.14 0.30 0.04 0.05 0.03 0.03 0.05 -
Pr 0.03 - 0.02 0.05 0.01 0.02 0.01 0.00 0.01 -
Nd 0.17 - 0.14 0.27 0.07 0.08 0.05 0.07 0.08 -
Sm 0.10 - 0.08 0.12 0.06 0.07 0.04 0.04 0.06 -
Eu 0.05 - 0.04 0.05 0.02 0.02 0.02 0.01 0.02 -
Gd 0.27 - 0.20 0.19 0.16 0.12 0.13 0.12 0.16 -
Tb 0.08 - 0.06 0.03 0.04 0.03 0.04 0.03 0.04 -
Dy 0.95 - 0.67 0.33 0.41 0.26 0.38 0.26 0.42 -
Ho 0.29 - 0.21 0.08 0.12 0.08 0.11 0.06 0.12 -
Er 1.20 - 0.92 0.25 0.43 0.25 0.42 0.26 0.44 -
Tm 0.24 - 0.19 0.04 0.08 0.05 0.08 0.03 0.08 -
Yb 2.18 - 1.80 0.38 0.64 0.39 0.67 0.27 0.67 -
Lu 0.41 - 0.34 0.06 0.11 0.07 0.12 0.04 0.11 -
Hf 0.21 - 0.14 0.05 0.16 0.10 0.14 0.10 0.15 -
Ta 0.002 - 0.001 0.003 0.000 0.000 0.000 0.000 0.000 -
Pb 0.034 - 0.066 0.139 0.022 0.037 0.014 0.031 0.026 -
Th 0.005 - 0.004 0.004 0.002 0.006 0.002 0.001 0.003 -
U 0.002 - 0.003 0.005 0.041 0.103 0.030 0.115 0.022 -
- below detection limit of LA-ICPMS
Table B-4: Continued
Sample: Cas-06-05 Cas-06-09
core (n=2) rim (n=2) neo (n=4) core (n=3) rim (n=2) neo (n=4)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2y
Sc 54.41 - 46.57 - 52.95 7.01 0.03 0.06 0.12 - 0.02 0.04
V 221.08 - 203.81 - 194.35 46.78 0.04 0.05 0.18 - 0.09 0.17
Ni 624.77 - 577.32 - 773.34 430.66 0.03 0.01 0.03 - 0.03 0.05
Zn 29.70 - 28.83 - 28.75 5.28 0.08 0.01 0.07 - 0.07 0.01
Sr 0.09 - 0.05 - 0.17 0.18 0.04 0.02 0.04 - 0.04 0.00
Y 2.92 - 2.21 - 2.61 0.67 0.02 0.04 0.04 - 0.05 0.10
Zr 4.80 - 3.00 - 3.55 1.69 0.60 0.32 0.42 - 0.37 0.28
Nb 0.02 - 0.01 - 0.02 0.02 0.63 0.36 0.48 - 0.48 0.31
Ba 0.06 - 0.05 - 0.11 0.08 1.70 0.50 1.36 - 1.16 0.60
La 0.01 - 0.01 - 0.01 0.01 2.01 0.36 1.98 - 2.07 0.13
Ce 0.08 - 0.05 - 0.07 0.06 5.10 0.94 4.71 - 4.21 0.68
Pr 0.02 - 0.01 - 0.02 0.01 0.02 0.01 0.02 - 0.02 0.02
Nd 0.14 - 0.08 - 0.11 0.06 0.06 0.02 0.04 - 0.04 0.07
Sm 0.08 - 0.05 - 0.07 0.02 0.10 0.05 0.06 - 0.06 0.07
Eu 0.03 - 0.02 - 0.02 0.01 0.14 0.05 0.07 - 0.07 0.09
Gd 0.18 - 0.10 - 0.14 0.08 0.32 0.16 0.15 - 0.14 0.13
Tb 0.04 - 0.03 - 0.03 0.01 0.33 0.19 0.24 - 0.21 0.18
Dy 0.39 - 0.28 - 0.34 0.12 0.62 0.32 0.40 - 0.35 0.33
Ho 0.11 - 0.08 - 0.09 0.03 0.84 0.36 0.56 - 0.50 0.41
Er 0.38 - 0.31 - 0.36 0.10 1.30 0.39 0.97 - 0.83 0.45
Tm 0.07 - 0.06 - 0.07 0.02 1.67 0.59 1.33 - 1.14 0.53
Yb 0.57 - 0.51 - 0.56 0.12 2.19 0.72 1.79 - 1.56 0.54
Lu 0.09 - 0.09 - 0.10 0.03 2.82 0.76 2.53 - 2.06 0.72
Hf 0.16 - 0.10 - 0.13 0.05 3.49 0.74 3.17 - 2.69 0.87
Ta 0.002 - 0.001 - 0.001 0.002 3.927 0.968 3.653 - 3.186 0.840
Pb 0.010 - 0.006 - 0.009 0.003 1.137 0.585 1.184 - 0.957 0.186
Th 0.004 - 0.003 - 0.003 0.003 1.612 0.029 1.634 - 1.610 0.030
U 0.002 - 0.001 - 0.002 0.001 0.724 0.590 0.605 - 0.523 0.227
Sample: Cas-06-10 LZ-10-07
core (n=3) rim (n=2) neo (n=4) core (n=5) rim (n=2) neo (n=3)
Avg 2o Avg 2o Avg 2a Avg 2o Avg 2o Avg 2o
Sc 66.85 66.35 0.01 0.02 56.91 75.83 28.69 9.57 30.01 - 27.93 12.51
V 263.39 166.16 0.04 0.03 201.36 268.56 173.26 35.12 199.98 - 168.29 65.86
Ni 678.33 90.33 0.05 0.05 361.08 481.90 748.17 82.62 694.85 - 714.70 39.45
Zn 28.68 14.68 0.07 0.00 15.95 21.21 41.28 7.28 41.82 - 42.62 2.44
Sr 0.45 1.39 0.04 0.00 0.27 0.46 0.06 0.07 0.26 - 0.17 0.22
Y 5.22 5.37 0.00 0.00 3.96 5.22 3.44 1.73 4.07 - 2.91 1.82
Zr 2.28 1.69 0.45 0.23 2.29 2.61 4.16 3.58 5.62 - 3.21 3.07
Nb 0.01 0.00 0.77 0.42 0.15 0.55 0.00 0.00 0.00 - 0.00 0.00
Ba 0.35 0.87 2.67 0.84 0.83 1.19 0.25 0.65 1.92 - 0.66 1.42
La 0.01 0.01 3.22 0.15 0.51 1.99 0.00 0.00 0.02 - 0.01 0.02
Ce 0.04 0.04 8.67 0.60 0.82 3.14 0.04 0.02 0.16 - 0.07 0.09
Pr 0.01 0.01 0.02 0.00 0.02 0.07 0.01 0.01 0.04 - 0.02 0.02
Nd 0.08 0.04 0.04 0.00 0.08 0.13 0.10 0.06 0.28 - 0.11 0.10
Sm 0.07 0.05 0.08 0.01 0.10 0.24 0.07 0.04 0.14 - 0.07 0.06
Eu 0.03 0.01 0.12 0.01 0.12 0.41 0.03 0.02 0.05 - 0.03 0.02
Gd 0.19 0.16 0.34 0.14 0.25 0.45 0.19 0.14 0.29 - 0.17 0.09
Tb 0.06 0.05 0.33 0.03 0.21 0.66 0.05 0.03 0.06 - 0.04 0.03
Dy 0.62 0.61 0.81 0.34 0.64 0.36 0.46 0.25 0.55 - 0.38 0.26
Ho 0.18 0.18 1.21 0.47 0.40 0.87 0.13 0.06 0.16 - 0.11 0.06
Er 0.70 0.70 1.97 0.74 0.94 0.52 0.47 0.19 0.53 - 0.42 0.25
Tm 0.13 0.12 2.58 0.78 0.50 1.31 0.09 0.04 0.10 - 0.08 0.04
Yb 1.14 1.02 3.44 0.86 1.64 0.13 0.70 0.23 0.71 - 0.65 0.30
Lu 0.20 0.18 4.60 0.48 0.77 1.85 0.12 0.03 0.12 - 0.12 0.04
Hf 0.13 0.10 5.50 0.36 0.80 2.55 0.17 0.13 0.24 - 0.15 0.13
Ta 0.001 0.001 6.173 0.109 0.762 3.046 - - - - - -
Pb 0.035 0.039 1.130 0.241 0.336 1.033 0.008 0.018 0.073 - 0.028 0.051
Th 0.002 0.002 1.615 0.044 0.402 1.599 0.001 0.000 0.003 - 0.001 0.000
U 0.002 0.004 0.853 0.101 0.311 1.238 0.001 0.001 0.002 - 0.002 0.001
- below detection limit of LA-ICPMS
Table B-4: Continued
Sample: LZ-10-12 LZ-10-15
core (n=4) rim (n=3) neo (n=4) core (n=3) rim (n=2) neo (n=4)
Avg 2o Avg 2o Avg 2a Avg 2a Avg 2o Avg 2a
Sc 44.42 10.66 40.27 9.26 39.10 7.14 41.35 39.92 35.16 - 48.21 23.54
V 306.67 70.57 297.70 47.79 292.11 76.92 214.57 130.88 190.75 - 237.58 84.10
Ni 694.07 28.79 689.48 96.29 680.06 58.41 620.93 115.06 621.10 - 626.49 48.03
Zn 44.27 11.18 46.79 12.30 46.40 10.44 36.86 5.21 37.21 - 37.70 0.78
Sr 23.19 92.43 0.57 0.36 2.38 6.95 0.16 0.06 0.19 - 0.13 0.20
Y 4.77 1.35 3.87 0.71 3.74 1.07 4.35 3.26 3.26 - 4.39 2.01
Zr 4.59 2.20 3.53 1.37 3.35 2.44 3.70 2.00 2.50 - 3.43 2.35
Nb 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 - 0.00 0.00
Ba 0.44 0.84 1.37 2.75 1.56 4.71 0.61 0.33 0.83 - 0.56 0.97
La 0.01 0.00 0.01 0.02 0.01 0.04 0.01 0.00 0.01 - 0.01 0.01
Ce 0.05 0.02 0.07 0.11 0.09 0.26 0.08 0.02 0.04 - 0.06 0.09
Pr 0.01 0.00 0.01 0.02 0.02 0.04 0.02 0.01 0.01 - 0.01 0.02
Nd 0.10 0.03 0.10 0.09 0.12 0.25 0.14 0.08 0.07 - 0.11 0.12
Sm 0.08 0.02 0.07 0.05 0.08 0.12 0.10 0.05 0.05 - 0.08 0.03
Eu 0.03 0.01 0.03 0.02 0.04 0.05 0.04 0.01 0.02 - 0.04 0.02
Gd 0.25 0.08 0.18 0.04 0.20 0.18 0.25 0.11 0.15 - 0.23 0.13
Tb 0.06 0.02 0.05 0.01 0.05 0.03 0.06 0.04 0.04 - 0.06 0.02
Dy 0.64 0.21 0.51 0.09 0.48 0.21 0.58 0.38 0.41 - 0.59 0.25
Ho 0.17 0.04 0.14 0.04 0.14 0.05 0.15 0.10 0.11 - 0.16 0.08
Er 0.62 0.14 0.53 0.14 0.52 0.12 0.55 0.36 0.44 - 0.59 0.26
Tm 0.11 0.02 0.10 0.02 0.10 0.03 0.10 0.06 0.08 - 0.11 0.04
Yb 0.93 0.14 0.81 0.16 0.84 0.21 0.85 0.53 0.71 - 0.93 0.38
Lu 0.15 0.02 0.14 0.03 0.15 0.04 0.14 0.08 0.12 - 0.16 0.05
Hf 0.20 0.10 0.16 0.09 0.14 0.07 0.19 0.17 0.15 - 0.20 0.16
Ta 0.000 0.000 0.000 - 0.000 0.000 0.000 - - - 0.000 -
Pb 0.015 0.019 0.053 0.091 0.055 0.173 0.033 0.051 0.041 - 0.020 0.032
Th 0.000 0.000 0.002 0.003 0.001 0.003 0.001 0.000 0.001 - 0.001 0.000
U 0.001 0.000 0.002 0.004 0.002 0.006 0.001 0.001 0.002 - 0.001 0.001
Sample: LZ-10-18-1 Mus-06-19
core (n=4) rim (n=4) neo (n=5) neo (n=6)
Avg 2o Avg 2o Avg 2o Avg 2o
Sc 19.44 8.61 19.96 9.75 17.82 13.48 26.57 8.35
V 129.95 39.75 125.86 23.09 133.71 36.81 144.97 23.91
Ni 904.20 49.27 899.33 87.70 909.46 54.05 637.16 136.37
Zn 38.15 3.63 42.66 3.38 45.20 6.25 48.55 10.96
Sr 0.43 0.71 0.23 0.35 0.47 1.00 1.87 5.03
Y 1.77 1.09 1.81 1.15 1.45 1.18 2.12 0.53
Zr 3.48 2.21 3.13 2.16 2.81 2.23 1.65 0.54
Nb 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.01 - 0.30 0.76 0.64 1.41 1.68 4.50
La 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01
Ce 0.07 0.04 0.04 0.08 0.09 0.18 0.05 0.05
Pr 0.02 0.01 0.01 0.01 0.02 0.03 0.01 0.01
Nd 0.13 0.06 0.08 0.04 0.11 0.10 0.09 0.06
Sm 0.08 0.04 0.06 0.03 0.07 0.05 0.05 0.03
Eu 0.03 0.01 0.02 0.01 0.03 0.02 0.03 0.02
Gd 0.15 0.08 0.13 0.05 0.12 0.07 0.12 0.05
Tb 0.03 0.02 0.03 0.01 0.02 0.02 0.03 0.01
Dy 0.28 0.15 0.25 0.12 0.21 0.17 0.29 0.09
Ho 0.07 0.04 0.06 0.04 0.05 0.04 0.08 0.02
Er 0.22 0.14 0.23 0.15 0.18 0.16 0.30 0.08
Tm 0.04 0.03 0.04 0.03 0.03 0.03 0.06 0.01
Yb 0.31 0.19 0.34 0.18 0.28 0.22 0.49 0.12
Lu 0.05 0.04 0.06 0.04 0.05 0.04 0.09 0.02
Hf 0.11 0.07 0.12 0.05 0.10 0.06 0.09 0.04
Ta 0.001 0.001 0.000 - 0.001 0.001 - -
Pb - - 0.011 0.037 0.022 0.045 0.028 0.040
Th 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001
U 0.000 - 0.001 0.002 0.001 0.002 0.001 0.001
- below detection limit of LA-ICPMS
Table B-4: Continued
Sample: Mus-06-21 Arp-06-02
neo (n=6) core (n=3) rim (n=4) neo (n=2)
Avg 2o Avg 2a Avg 2a Avg 2a
Sc 20.30 3.79 33.80 5.40 30.95 7.46 29.01 -
V 93.33 15.28 173.19 14.13 166.80 37.28 164.45 -
Ni 942.91 778.40 776.52 56.68 770.86 80.94 775.66 -
Zn 32.75 8.54 41.47 5.50 41.88 8.26 44.69 -
Sr 2.13 3.09 0.35 0.31 0.51 0.45 0.52 -
Y 0.53 0.20 3.53 0.78 3.12 0.97 2.50 -
Zr 0.49 0.22 2.23 0.54 1.74 0.22 1.45 -
N b 0.01 0.00 0.00 0.00 0.00 0.00 0.00 -
Ba 0.85 1.52 0.13 0.16 0.32 0.31 0.31 -
La 0.02 0.02 0.00 0.00 0.00 0.01 0.02 -
Ce 0.07 0.12 0.02 0.00 0.03 0.06 0.02 -
Pr 0.01 0.01 0.01 0.00 0.01 0.02 0.01 -
Nd 0.06 0.07 0.10 0.01 0.10 0.13 0.05 -
Sm 0.02 0.02 0.09 0.01 0.09 0.07 0.05 -
Eu 0.01 0.01 0.04 0.00 0.04 0.03 0.03 -
Gd 0.04 0.02 0.23 0.05 0.20 0.10 0.13 -
Tb 0.01 0.00 0.05 0.01 0.05 0.01 0.03 -
Dy 0.08 0.02 0.49 0.11 0.44 0.13 0.33 -
Ho 0.02 0.01 0.13 0.03 0.11 0.04 0.09 -
Er 0.07 0.03 0.46 0.10 0.42 0.09 0.35 -
Tm 0.01 0.00 0.08 0.02 0.07 0.03 0.06 -
Yb 0.12 0.05 0.62 0.11 0.57 0.13 0.52 -
Lu 0.02 0.01 0.10 0.02 0.09 0.03 0.09 -
Hf 0.01 0.01 0.13 0.03 0.11 0.04 0.09 -
Ta 0.001 0.001 - - - - 0.001 -
Pb 0.012 0.021 0.003 0.003 0.014 0.021 0.015 -
Th 0.001 0.003 - - 0.001 0.001 0.003 -
U 0.002 - - - 0.002 0.002 0.002 -
Sample: Arp-06-03 LZ-10-26
core (n=3) rim (n=1) neo (n=3) core (n=3) rim (n=3) neo (n=5)
Avg 2o Avg 2o Avg 2a Avg 2o Avg 2o Avg 2o
Sc 30.42 1.77 31.89 - 30.25 3.81 41.29 6.07 35.75 3.58 31.18 16.32
V 162.72 10.40 170.54 - 169.63 23.68 206.99 8.67 186.43 10.41 169.92 106.92
Ni 759.03 105.77 743.28 - 755.62 99.63 781.19 75.55 797.75 210.47 1158.83 1843.17
Zn 41.90 1.72 43.87 - 41.13 8.47 39.79 8.27 41.65 9.86 40.72 19.09
Sr 0.37 0.48 0.11 - 0.15 0.22 0.07 0.10 0.25 0.20 0.38 0.97
Y 3.13 0.30 3.24 - 3.19 0.85 3.31 0.69 2.74 0.31 2.28 1.56
Zr 2.24 0.42 2.53 - 2.20 1.29 1.79 0.59 1.41 0.32 1.08 0.74
Nb 0.01 0.00 0.00 - 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.41 0.65 0.21 - 0.28 0.30 0.30 0.71 0.97 1.20 0.67 1.01
La 0.01 0.01 0.00 - 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01
Ce 0.06 0.07 0.04 - 0.04 0.03 0.02 0.02 0.04 0.04 0.03 0.05
Pr 0.01 0.01 0.01 - 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01
Nd 0.09 0.05 0.07 - 0.08 0.02 0.07 0.03 0.08 0.04 0.04 0.04
Sm 0.07 0.03 0.07 - 0.07 0.02 0.07 0.02 0.07 0.00 0.04 0.03
Eu 0.03 0.01 0.02 - 0.03 0.01 0.03 0.01 0.03 0.00 0.02 0.01
Gd 0.18 0.06 0.20 - 0.19 0.06 0.19 0.06 0.16 0.02 0.12 0.10
Tb 0.04 0.01 0.05 - 0.05 0.02 0.05 0.01 0.04 0.01 0.03 0.02
Dy 0.44 0.07 0.46 - 0.44 0.11 0.45 0.09 0.37 0.05 0.30 0.21
Ho 0.12 0.01 0.12 - 0.12 0.03 0.12 0.02 0.10 0.01 0.08 0.06
Er 0.41 0.06 0.45 - 0.41 0.11 0.44 0.09 0.36 0.01 0.30 0.21
Tm 0.07 0.01 0.07 - 0.07 0.02 0.08 0.02 0.07 0.00 0.05 0.04
Yb 0.56 0.06 0.59 - 0.58 0.13 0.61 0.08 0.54 0.04 0.45 0.29
Lu 0.09 0.01 0.10 - 0.09 0.02 0.10 0.01 0.09 0.01 0.08 0.04
Hf 0.13 0.03 0.15 - 0.13 0.04 0.10 0.03 0.09 0.01 0.07 0.06
Ta 0.000 - 0.000 - 0.000 0.000 0.000 - - - - -
Pb 0.043 0.034 0.032 - 0.026 0.023 0.014 0.033 0.044 0.061 0.033 0.032
Th 0.002 0.002 0.001 - 0.002 0.002 0.000 0.001 0.001 0.001 0.001 0.001
U 0.003 0.003 0.002 - 0.002 0.003 0.001 - 0.002 0.002 0.001 0.001
- below detection limit of LA-ICPMS
Table B-5: Major element concentrations (wt%) in spinel from Lanzo pyroxenites
Sample: LZ-10-01 LZ-10-04 LZ-10-06 Cas-06-09-2
core (n=5) rim (n=5) core (n=4) rim (n=4) core (n=4) rim (n=3) core (n=2) rim (n=2)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o
Si02 0.02 0.03 0.05 0.06 0.01 0.01 0.02 0.03 0.01 0.03 1.09 3.73 0.14 - 0.03 -
TiO2 0.07 0.06 0.09 0.06 0.04 0.05 0.09 0.15 0.15 0.26 0.07 0.08 0.87 - 0.30 -
Cr203 5.07 2.81 7.37 8.22 6.13 3.31 11.27 3.76 7.26 10.73 4.92 5.57 17.81 - 22.49 -
A1203 61.53 3.50 58.96 8.09 60.30 3.06 56.02 4.41 59.41 9.35 61.13 8.89 47.53 - 43.06 -
FeO(tot) 11.26 2.69 16.00 3.16 11.95 1.86 14.43 3.15 14.04 6.66 14.89 2.71 17.35 - 19.26 -
MnO 0.13 0.05 0.20 0.07 0.12 0.09 0.14 0.05 0.15 0.15 0.11 0.03 0.20 - 0.23 -
NiO 0.38 0.07 0.35 0.09 0.31 0.13 0.23 0.16 0.34 0.05 0.34 0.13 0.31 - 0.26 -
MgO 20.87 1.43 16.76 2.77 20.32 2.20 17.24 2.42 19.46 6.25 18.44 1.98 17.52 - 16.39 -
CaO 0.01 0.02 0.02 0.02 0.00 0.01 0.05 0.06 0.00 0.00 0.00 0.00 0.02 - 0.04 -
ZnO 0.03 0.03 0.11 0.13 0.02 0.05 0.06 0.03 0.02 0.06 0.00 0.00 0.05 - 0.09 -
Total 99.37 1.21 99.91 1.02 99.20 1.08 99.55 1.59 100.84 3.25 100.98 2.12 101.78 - 102.13 -
Cr-no. 0.05 0.03 0.08 0.09 0.06 0.04 0.12 0.04 0.08 0.12 0.05 0.06 0.20 - 0.26 -
Fe3+ 0.04 0.02 0.02 0.04 0.04 0.02 0.01 0.02 0.05 0.06 0.02 0.04 0.08 - 0.11 -
Fe2+ 0.20 0.05 0.33 0.09 0.21 0.07 0.31 0.08 0.25 0.20 0.29 0.06 0.31 - 0.33 -
Chr 0.01 0.01 0.03 0.04 0.01 0.01 0.04 0.02 0.02 0.05 0.01 0.02 0.06 - 0.08 -
Mg-Chr 0.04 0.02 0.05 0.05 0.05 0.02 0.08 0.02 0.05 0.06 0.04 0.04 0.13 - 0.16 -
Hrc 0.18 0.04 0.30 0.07 0.19 0.06 0.27 0.05 0.22 0.15 0.27 0.06 0.22 - 0.22 -
Spn 0.74 0.07 0.60 0.12 0.72 0.08 0.60 0.10 0.67 0.24 0.65 0.10 0.52 - 0.46 -
Sample: Cas-06-01 Cas-06-05 Cas-06-09 LZ-10-08
core (n=1) rim (n=1) core (n=2) rim (n=2) core (n=2) rim (n=2) core (n=3) rim (n=3)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 20 Avg 20
SiO2 0.00 - 0.00 - 1.54 - 0.09 - 0.08 - 0.12 - 0.04 0.01 0.03 0.01
TiO2 0.14 - 0.11 - 0.48 - 0.46 - 0.67 - 0.69 - 0.13 0.03 0.07 0.02
Cr203 8.51 - 9.77 - 24.29 - 27.66 - 30.37 - 33.48 - 11.04 11.48 12.42 7.89
A1203 58.15 - 57.90 - 41.19 - 38.29 - 33.37 - 29.35 - 53.36 12.42 54.70 5.41
FeO(tot) 13.03 - 12.78 - 16.36 - 19.88 - 23.31 - 24.88 - 18.55 6.20 15.83 1.53
MnO 0.13 - 0.12 - 0.24 - 0.26 - 0.28 - 0.29 - 0.27 0.19 0.25 0.07
NiO 0.42 - 0.37 - 0.27 - 0.26 - 0.31 - 0.18 - 0.38 0.08 0.31 0.12
MgO 21.00 - 20.81 - 16.25 - 15.07 - 13.22 - 12.24 - 16.49 4.86 16.42 1.71
CaO 0.01 - 0.00 - 0.35 - 0.03 - 0.04 - 0.07 - 0.02 0.02 0.06 0.07
ZnO 0.00 - 0.05 - 0.12 - 0.09 - 0.21 - 0.08 - 0.28 0.21 0.29 0.06
Total 101.40 - 101.91 - 101.07 - 102.08 - 101.84 - 101.36 - 100.56 0.92 100.38 0.76
Cr-no. 0.09 - 0.10 - 0.29 - 0.34 - 0.38 - 0.44 - 0.12 0.14 0.13 0.08
Fe3+ 0.08 - 0.07 - 0.02 - 0.10 - 0.14 - 0.15 - 0.09 0.04 0.02 0.04
Fe2+ 0.20 - 0.20 - 0.36 - 0.38 - 0.43 - 0.46 - 0.33 0.15 0.33 0.04
Chr 0.02 - 0.02 - 0.10 - 0.13 - 0.15 - 0.18 - 0.04 0.06 0.04 0.03
Mg-Chr 0.07 - 0.08 - 0.17 - 0.18 - 0.20 - 0.21 - 0.07 0.06 0.09 0.05
Hrc 0.17 - 0.18 - 0.22 - 0.21 - 0.24 - 0.23 - 0.27 0.08 0.28 0.03
Spn 0.70 - 0.69 - 0.44 - 0.41 - 0.32 - 0.28 - 0.56 0.22 0.56 0.08
Cr-no. in mol%
Fe2+ & Fe3+ calculated based on charge balance
Chr, chromite; Mg-Chr, Mg-Chromite; Hrc, Hercynite; Spn, Spinel
Table B-5: Continued
Sample: Cas-06-10 LZ-10-07 LZ-10-15 LZ-10-18-2
core (n=2) rim (n=2) core (n=2) rim (n=2) core (n=4) rim (n=4) core (n=2) (n=2)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o 2a
Si02 0.11 - 0.15 - 0.03 - 0.03 - 0.01 0.01 0.04 0.12 0.03 - 0.07
Ti02 0.12 - 0.34 - 0.49 - 0.81 - 0.15 0.11 0.27 0.19 0.25 - 0.49
Cr203 10.92 - 12.30 - 26.23 - 26.53 - 6.74 3.32 8.21 7.64 16.56 - 27.45
A1203 55.47 - 54.34 - 39.96 - 40.08 - 57.41 4.10 55.85 7.33 49.95 - 29.26
FeO(tot) 15.71 - 15.16 - 18.00 - 16.69 - 17.87 2.40 18.84 1.68 13.66 - 7.10
MnO 0.18 - 0.17 - 0.17 - 0.18 - 0.13 0.04 0.17 0.05 0.17 - 0.26
NiO 0.33 - 0.29 - 0.33 - 0.26 - 0.36 0.04 0.35 0.08 0.41 - 0.02
MgO 18.88 - 18.33 - 16.59 - 16.73 - 19.09 0.89 18.34 2.05 19.56 - 6.12
CaO 0.14 - 0.07 - 0.00 - 0.05 - 0.00 0.02 0.03 0.06 0.01 - 0.07
ZnO 0.02 - 0.00 - 0.05 - 0.05 - 0.05 0.02 0.06 0.06 0.12 - 0.15
Total 101.87 - 101.15 - 101.84 - 101.39 - 101.82 0.69 102.14 0.23 100.72 - 0.04
Cr-no. 0.12 - 0.13 - 0.31 - 0.31 - 0.07 0.04 0.09 0.09 0.18 - 0.41
Fe3+ 0.08 - 0.05 - 0.10 - 0.07 - 0.12 0.03 0.12 0.02 0.08 - 0.06
Fe2+ 0.26 - 0.28 - 0.32 - 0.31 - 0.26 0.03 0.29 0.06 0.22 - 0.19
Chr 0.03 - 0.04 - 0.09 - 0.09 - 0.02 0.01 0.02 0.02 0.04 - 0.22
Mg-Chr 0.08 - 0.09 - 0.20 - 0.20 - 0.05 0.02 0.06 0.05 0.13 - 0.14
Hrc 0.22 - 0.24 - 0.20 - 0.20 - 0.23 0.01 0.24 0.04 0.17 - 0.07
Spn 0.62 - 0.60 - 0.45 - 0.45 - 0.64 0.06 0.60 0.10 0.61 - 0.34
Sample: LZ-10-20 LZ-10-11 LZ-10-12 Mus-06-19 Arp-06-03
core (n=1) rim (n=1) core (n=2) rim (n=2) core (n=2) rim (n=1) core (n=1) core (n=1) rim (n=1)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 2o Avg 20 Avg 2a
Si02 0.03 - 0.02 - 0.00 0.00 0.68 - 0.04 0.08 0.00 - 0.02 0.02 - 0.04 -
Ti02 0.11 - 0.34 - 0.13 0.01 0.10 0.23 0.26 0.17 - 0.86 - 0.33 - 0.39 -
Cr203 5.39 - 6.03 - 13.10 2.02 15.04 - 18.45 26.79 9.32 - 33.60 - 18.26 - 18.54 -
A1203 61.23 - 59.96 - 51.93 2.15 49.78 - 47.77 30.00 57.76 - 30.05 - 49.39 - 48.55 -
FeO(tot) 13.89 - 16.01 - 14.79 0.35 19.82 - 16.69 9.35 13.84 - 21.39 - 13.19 - 13.05 -
MnO 0.17 - 0.14 - 0.15 0.06 0.18 - 0.16 0.15 0.11 - 0.26 - 0.14 - 0.14 -
NiO 0.36 - 0.31 - 0.34 0.02 0.30 - 0.36 0.31 0.46 - 0.23 - 0.28 - 0.29 -
MgO 20.69 - 18.48 - 19.05 0.79 13.77 - 18.39 6.93 20.11 - 13.84 - 19.52 - 18.97 -
CaO 0.00 - 0.00 - 0.00 0.00 0.04 - 0.00 0.00 0.02 - 0.00 - 0.00 - 0.00 -
ZnO 0.01 - 0.04 - 0.09 0.04 0.17 - 0.05 0.13 0.03 - 0.11 - 0.03 - 0.06 -
Total 101.88 - 101.32 - 99.58 1.20 99.87 - 102.13 0.48 101.82 - 100.35 - 101.15 - 100.03 -
Cr-no. 0.06 - 0.06 - 0.14 0.02 0.17 - 0.21 0.34 0.10 - 0.43 - 0.20 - 0.20 -
Fe3+ 0.07 - 0.05 - 0.09 0.01 0.02 - 0.11 0.09 0.07 - 0.13 - 0.06 - 0.05 -
Fe2+ 0.22 - 0.29 - 0.24 0.01 0.43 - 0.27 0.18 0.23 - 0.40 - 0.23 - 0.24 -
Chr 0.01 - 0.02 - 0.03 0.01 0.07 - 0.06 0.12 0.02 - 0.15 - 0.04 - 0.05 -
Mg-Chr 0.04 - 0.04 - 0.10 0.02 0.09 - 0.14 0.19 0.07 - 0.24 - 0.15 - 0.15 -
Hrc 0.20 - 0.26 - 0.19 0.01 0.35 - 0.19 0.03 0.20 - 0.20 - 0.17 - 0.18 -
Spn 0.71 - 0.64 - 0.62 0.03 0.46 - 0.55 0.40 0.67 - 0.32 - 0.59 - 0.58 -
Cr-no. in mol%
Fe2+ & Fe3+ calculated based on charge balance
Chr, chromite; Mg-Chr, Mg-Chromite; Hrc, Hercynite; Spn, Spinel
Table B-6: Major element concentrations (wt%) in olivine from Lanzo pyroxenites
Sample: Cas-06-01 Cas-06-05 Cas-06-09 Cas-06-09-2 Cas-06-10 LZ-10-04 LZ-10-07 LZ-10-08
(n=7) (n=6) (n=7) (n=7) (n=7) (n=7) (n=7) (n=7)
Avg 2o Avg 2a Avg 2o Avg 2o Avg 2a Avg 2o Avg 2a Avg 2a
Si02 40.31 0.299 40.25 0.199 40.43 0.229 40.92 2.646 40.35 0.517 40.45 1.056 39.88 1.021 39.08 0.832
TiO2 0.00 0.005 0.02 0.028 0.00 0.009 0.01 0.024 0.01 0.027 0.01 0.012 0.01 0.026 0.00 0.000
A1203 0.01 0.018 0.00 0.010 0.00 0.007 0.04 0.203 0.02 0.053 0.00 0.001 0.00 0.002 0.00 0.008
FeO(tot) 10.38 0.168 9.89 0.473 10.52 0.491 10.73 0.560 10.31 1.107 10.26 0.450 10.70 0.466 13.67 0.869
MnO 0.18 0.044 0.19 0.044 0.21 0.041 0.19 0.095 0.20 0.042 0.19 0.087 0.18 0.023 0.30 0.065
NiO 0.36 0.085 0.37 0.094 0.40 0.031 0.37 0.062 0.37 0.056 0.26 0.059 0.36 0.066 0.32 0.049
MgO 50.55 0.410 50.29 0.639 49.93 0.424 49.17 3.525 49.74 0.872 48.41 0.339 49.06 0.404 47.14 1.083
CaO 0.01 0.016 0.00 0.009 0.01 0.015 0.03 0.084 0.03 0.027 0.03 0.038 0.02 0.020 0.01 0.034
Total 101.81 0.000 101.01 0.000 101.51 0.000 101.46 0.000 101.04 0.000 99.61 0.000 100.22 0.000 100.52 0.000
Mg-no. 0.89 0.425 0.90 0.638 0.89 0.350 0.88 0.756 0.89 0.636 0.89 0.938 0.89 1.296 0.85 0.407
Sample: LZ-10-11 LZ-10-12 LZ-10-15 LZ-10-18-2 Mus-06-08 Mus-06-19 Mus-06-21 Arp-06-02
(n=7) (n=6) (n=7) (n=7) (n=6) (n=7) (n=6) (n=3)
Avg 2a Avg 2o Avg 2o Avg 2a Avg 2o Avg 2o Avg 2o Avg 2G
SiO2 39.87 1.166 40.20 0.491 38.34 1.962 40.14 0.237 39.52 0.517 40.03 0.418 39.66 1.644 40.29 0.203
TiO2 0.00 0.007 0.01 0.024 0.02 0.022 0.00 0.006 0.01 0.017 0.01 0.027 0.00 0.004 0.02 0.029
A1203 0.00 0.000 0.02 0.046 0.01 0.016 0.01 0.012 0.01 0.010 0.02 0.019 0.02 0.033 0.01 0.014
FeO(tot) 10.78 0.364 10.96 1.066 13.87 0.412 9.97 0.378 9.65 0.373 10.26 0.285 9.18 0.180 10.49 1.001
MnO 0.16 0.043 0.19 0.075 0.25 0.059 0.15 0.084 0.15 0.038 0.15 0.061 0.12 0.098 0.17 0.085
NiO 0.39 0.074 0.37 0.040 0.31 0.045 0.39 0.106 0.38 0.061 0.35 0.054 0.44 0.084 0.37 0.044
MgO 48.25 0.241 49.28 1.124 47.01 0.633 50.32 0.470 50.39 0.789 49.80 0.574 50.94 0.979 50.22 0.729
CaO 0.02 0.019 0.02 0.035 0.03 0.027 0.02 0.032 0.04 0.054 0.03 0.024 0.03 0.018 0.04 0.034
Total 99.47 0.000 101.04 0.000 99.83 0.000 101.00 0.000 100.14 0.000 100.64 0.000 100.39 0.000 101.61 0.000





Avg 2a Avg 2o
SiO2 40.42 0.339 39.21 2.161
TiO2 0.02 0.040 0.01 0.019
A1203 0.01 0.022 0.03 0.022
FeO(tot) 9.81 0.302 9.56 0.226
MnO 0.13 0.069 0.17 0.048
NiO 0.42 0.075 0.40 0.089
MgO 50.34 0.552 50.78 0.744
CaO 0.02 0.017 0.05 0.078
Total 101.17 0.000 100.20 0.000
Mg-no. 0.90 0.788 0.90 1.673
Mg-no. in mol%
Table B-7: Major element concentrations (wt%) in plagioclase from Lanzo pyroxenites
Sample: Cas-06-01 Cas-06-05 Cas-06-09 Cas-06-09-2 Cas-06-10 Arp-06-02 Arp-06-03
(n=7) (n=7) (n=7) (n=7) (n=7) (n=7) (n=8)
Avg 2o Avg 2o Avg 2o Avg 2o Avg 2a Avg 2a Avg 2a
Si02 49.58 1.40 48.08 1.60 47.22 1.36 48.33 1.01 47.58 1.79 47.12 2.31 47.02 1.23
A1203 32.53 1.03 33.31 0.93 33.77 0.34 33.85 0.41 33.58 1.34 33.35 0.89 33.86 0.79
FeO(tot) 0.12 0.09 0.09 0.06 0.12 0.05 0.10 0.05 0.14 0.06 0.20 0.12 0.19 0.05
MgO 0.02 0.01 0.00 0.01 0.04 0.08 0.02 0.03 0.01 0.02 0.05 0.04 0.06 0.04
CaO 15.38 1.18 16.32 1.17 16.52 0.29 16.61 0.34 16.67 1.62 17.02 1.86 17.28 0.82
Na20 3.12 0.65 2.44 0.69 2.30 0.23 2.43 0.24 2.42 0.98 2.11 0.94 1.88 0.57
K20 0.01 0.01 0.00 0.01 0.01 0.03 0.00 0.01 0.01 0.02 0.02 0.01 0.01 0.02
Total 100.76 1.18 100.25 0.95 99.98 1.66 101.34 1.20 100.41 1.15 99.86 1.80 100.30 1.04
An 0.73 0.06 0.79 0.06 0.80 0.02 0.79 0.02 0.79 0.08 0.82 0.08 0.83 0.05
Alb 0.27 0.06 0.21 0.06 0.20 0.02 0.21 0.02 0.21 0.08 0.18 0.08 0.16 0.05



















SiO2 46.06 0.85 50.08 1.60 46.82 2.33 47.92 1.13 47.68 1.20 49.24 0.45
A1203 34.10 0.93 31.96 0.81 33.22 3.67 33.05 0.77 33.43 0.71 32.06 0.58
FeO(tot) 0.21 0.06 0.10 0.06 0.32 0.61 0.15 0.05 0.21 0.05 0.17 0.05
MgO 0.04 0.01 0.01 0.02 1.08 2.89 0.01 0.02 0.01 0.02 0.03 0.03
CaO 17.82 0.55 14.77 0.95 17.42 2.11 16.04 1.00 16.53 0.82 15.03 0.80
Na20 1.65 0.28 3.31 0.61 1.66 1.33 2.65 0.58 2.29 0.42 3.09 0.31
K20 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.02 0.03
Total 99.89 32.85 100.23 1.13 100.51 1.14 99.81 1.06 100.16 1.21 99.64 0.68
An 0.86 0.02 0.71 0.05 0.85 0.12 0.77 0.05 0.80 0.04 0.73 0.03
Alb 0.14 0.02 0.29 0.05 0.15 0.12 0.23 0.05 0.20 0.04 0.27 0.03
K-spar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
An, anorthite; Alb, albite; K-spar, K-feldspar
Table B-8: Trace element concentrations (ppm) in plagioclase
Sample: Cas-06-01 Cas-06-05 Cas-06-09 Cas-06-10 LZ-10-07 LZ-10-12 LZ-10-15 Mus-06-19
(n=8) (n=6) (n=5) (n=7) (n=6) (n=8) (n=9) (n=7)
Avg 2a Avg 2a Avg 2o Avg 2a Avg 2o Avg 2y Avg 2o Avg 2o
TiO2 0.05 0.01 0.03 0.02 0.03 0.01 0.05 0.05 0.06 0.03 0.06 0.05 0.06 0.03 0.05 0.03
Rb 0.05 0.06 0.11 0.17 0.07 0.07 0.20 0.38 0.11 0.24 0.21 0.42 0.16 0.32 0.21 0.19
Sr 119.34 191.86 84.18 39.75 59.58 16.47 60.06 19.59 59.53 8.40 132.48 281.62 32.44 4.74 43.96 8.85
Y 0.41 0.16 0.27 0.12 0.36 0.09 0.84 1.75 0.35 0.13 0.43 0.27 0.44 0.21 0.44 0.81
Zr 0.13 0.13 0.28 0.55 0.14 0.26 0.67 1.69 0.28 0.50 0.13 0.36 0.23 0.54 0.41 0.86
Nb 0.00 0.00 0.01 0.02 0.00 0.01 0.01 0.02 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Ba 9.07 24.16 2.07 1.81 0.39 0.56 2.88 9.20 1.51 3.00 62.48 230.10 0.94 2.48 5.85 10.00
La 0.54 0.10 0.55 0.16 0.35 0.11 0.33 0.10 0.29 0.04 0.32 0.02 0.22 0.03 0.12 0.02
Ce 1.51 0.16 1.42 0.16 1.04 0.20 0.88 0.26 1.18 0.14 0.95 0.08 0.94 0.13 0.63 0.10
Pr 0.19 0.04 0.17 0.02 0.14 0.02 0.11 0.03 0.17 0.02 0.13 0.02 0.14 0.02 0.11 0.03
Nd 0.84 0.19 0.70 0.13 0.61 0.16 0.53 0.19 0.78 0.06 0.63 0.11 0.70 0.12 0.56 0.19
Sm 0.15 0.07 0.11 0.05 0.12 0.03 0.13 0.09 0.14 0.06 0.15 0.04 0.15 0.04 0.12 0.08
Eu 0.34 0.08 0.27 0.02 0.30 0.04 0.26 0.05 0.38 0.05 0.34 0.03 0.32 0.04 0.29 0.06
Gd 0.15 0.07 0.09 0.04 0.11 0.02 0.16 0.16 0.13 0.04 0.14 0.05 0.15 0.05 0.11 0.11
Tb 0.02 0.01 0.01 0.01 0.01 0.00 0.02 0.03 0.02 0.00 0.02 0.01 0.02 0.01 0.02 0.02
Dy 0.09 0.04 0.06 0.03 0.08 0.01 0.16 0.32 0.08 0.03 0.09 0.04 0.10 0.04 0.10 0.16
Ho 0.01 0.01 0.01 0.00 0.01 0.00 0.03 0.07 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.03
Er 0.03 0.01 0.02 0.01 0.03 0.01 0.09 0.22 0.03 0.01 0.04 0.04 0.04 0.02 0.04 0.10
Tm 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01
Yb 0.02 0.01 0.01 0.02 0.02 0.01 0.08 0.22 0.02 0.02 0.03 0.10 0.03 0.02 0.04 0.09
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.01
Pb 0.08 0.05 0.21 0.30 0.06 0.07 0.14 0.20 0.10 0.11 0.16 0.14 0.06 0.12 0.07 0.06
Th 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00


















































































































































































Table B-9: Major element concentrations (wt%) in garnet from Lanzo pyroxenites
Sample: LZ-10-04 LZ-10-06
(n=5) (n=23)
Avg 2a Avg 2o
Si02 38.76 2.06 39.00 1.25
TiO2 0.04 0.06 0.07 0.08
Cr203 0.00 0.00 0.01 0.04
A1203 23.24 0.79 23.10 1.09
FeO(tot) 18.06 7.52 18.04 2.32
MnO 1.09 0.87 1.22 0.82
MgO 4.29 1.91 3.36 1.18
CaO 14.56 4.09 15.47 3.06
Na20 0.27 0.69 0.10 0.56
K20 0.00 0.01 0.01 0.02
Total 100.32 2.83 100.38 1.59
Mg-no. 0.30 0.11 0.25 0.07
Pyr 0.16 0.07 0.13 0.04
Alm 0.35 0.11 0.38 0.06
Grs 0.38 0.14 0.42 0.09
Mg-no. in mol%
Pyr, Pyrope; Alm, Almandine; Grs, grossular
Table B-10: Major element concentrations (wt%) in minor phases from Lanzo pyroxenites
Jadeite Zoisite
Sample: LZ-10-04 LZ-10-06 LZ-10-04 LZ-10-06
(n=5) (n=28) (n=3) (n=13)
Avg 2o Avg 2o Avg 2o Avg 2a
SiO2 58.31 2.41 59.28 2.42 39.41 2.77 40.70 2.99
TiO2 0.01 0.04 0.02 0.05 0.00 0.00 0.02 0.04
Cr203 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
A1203 22.34 1.23 23.53 3.82 32.88 1.77 33.57 1.86
FeO(tot) 3.24 1.63 2.79 4.40 1.53 1.21 1.03 1.61
MnO 0.00 0.01 0.06 0.25 0.02 0.02 0.10 0.26
MgO 0.94 1.06 0.62 1.55 0.01 0.00 0.34 0.81
CaO 2.52 1.37 1.46 1.87 24.59 1.50 24.23 3.98
Na20 13.94 0.92 14.47 2.81 0.04 0.12 0.31 1.31
K20 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02
Total 101.29 3.06 102.22 2.77 98.47 5.14 100.32 1.73
Clinochlore Edenite-Tremolite
Sample: LZ-10-04 LZ-10-06 LZ-10-04 LZ-10-06
(n=5) (n=20) (n=1) (n=20)
Avg 2o Avg 2o Avg 2a Avg 2o
Si02 31.37 3.03 33.19 3.52 56.68 - 54.98 2.10
Ti02 0.01 0.03 0.00 0.00 0.00 - 0.05 0.03
Cr203 0.00 0.01 0.00 0.00 0.00 - 0.00 0.00
A1203 18.88 3.93 17.28 7.95 1.62 - 3.93 2.55
FeO(tot) 6.96 12.68 4.00 1.02 2.57 - 3.84 0.78
MnO 0.02 0.07 0.00 0.00 0.00 - 0.06 0.03
MgO 29.16 10.44 30.91 3.96 22.69 - 21.31 1.33
CaO 0.29 1.14 1.24 5.29 10.81 - 10.07 1.25
Na20 0.05 0.16 0.26 0.71 3.52 - 4.17 1.16
K20 0.01 0.02 0.01 0.02 0.17 - 0.06 0.02
Total 86.75 1.78 86.88 1.83 98.07 - 98.46 0.74
Table B-11: Average detection limits (LOD) of LA-ICPMS given in ppb
Cpx Opx Plag Whole-Rock
TiO2 -
Rb -
Sc 63.16
V 13.69
Cr -
Co -
Ni 254.64
Cu -
Zn 223.25
Sr 2.71
Y 1.01
Zr 11.96
Nb 0.51
Ba 5.59
La 0.45
Ce 0.47
Pr 0.37
Nd 9.50
Sm 2.38
Eu 0.80
Gd 3.08
Tb 0.32
Dy 1.48
Ho 0.36
Er 0.97
Tm 0.35
Yb 1.54
Lu 0.34
Hf 1.02
Ta 0.27
Pb 1.11
Th 0.25
U 0.22
- not measured
57.22
12.11
238.54
216.35
2.49
0.92
11.15
0.50
5.68
0.45
0.46
0.35
2.80
2.17
0.77
3.09
0.31
1.32
0.35
0.89
0.35
1.46
0.34
0.99
0.29
1.03
0.27
0.26
0.03 0.62
7.03 31.46
- 321.81
- 631.10
- 8366.69
- 48.42
- 5467.20
- 389.66
- 1758.95
7.39 13.33
1.60 11.37
6.66 22.03
1.24 17.96
10.00 56.03
0.75 7.87
0.74 7.95
0.60 5.50
4.74 56.43
3.92 43.43
1.37 12.71
5.16 45.62
0.54 7.12
2.30 35.87
0.58 10.03
1.10 23.94
0.42 8.04
1.82 50.61
0.47 11.35
- 25.38
- 9.89
1.72 35.73
0.50 9.50
0.45 7.56
